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ABSTRACT
Self-Assembling Organic Semiconductors with Tunable Electronic Properties based
on Novel Asymmetric Phenazine and Bisphenazine
by
Kyoungmi Jang
Dr. Dong-Chan Lee, Exam Committee Chair
Assistant Professor of Chemistry
University of Nevada, Las Vegas
Current demands in the area of organic semiconductors focus on both electronic
and self-assembling properties. Particularly, one-dimensionally grown nanostructures of
small organic semiconductors have drawn much attention for nanodevice fabrication.
Self-assembly through various intermolecular interactions has been widely used to
produce one-dimensionally grown nanostructures which can be induced by various
methods such as rapid solution dispersion, a phase transfer method, vapor annealing,
crystallization, and organogelation in conjunction with proper molecular design.
Controlling the morphology of the nanostructures plays an important role in achieving
desirable properties in optoelectronic device applications.

While significant

advancements have been made in developing molecular architectures for successful
molecular assembly, most of the reported examples are for electron-donating (p-type)
organic semiconductors, with only a limited number characterized as electron-accepting
(n-type). Consequently, developing useful n-type organic semiconductors with a selfassembling ability is of critical importance.
The objective of this research is to create a new n-type organic semiconductor
which can self-assemble into one-dimensional nanostructures. A series of T-shaped
asymmetric bisphenazine derivatives containing different functional groups were
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designed and synthesized in order to investigate the effect of the position, type, and
number of substituents on electronic and assembling properties. Furthermore, phenazine
and bisphenazine substituted with four chlorines for increasing electron density at one
end and alkyl side groups for increasing solubility at the other end were also synthesized.
The final compounds were fully characterized with 1H NMR,
spectrometry.
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C NMR, and mass

The electronic properties were studied by UV-visible absorption and

emission spectroscopy, and cyclic voltammetry.

The experimental values for the

electronic properties of these systems are compared with theoretical calculations. The
assembling properties were also extensively investigated by polarized optical
microscopy, scanning electron microscopy, atomic force microscopy, single crystal X-ray
crystallography, and X-ray diffraction.
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CHAPTER 1
SELF-ASSEMBLING T-SHAPED ASYMMETRIC BISPHENAZINES WITH
TUNABLE ELECTRONIC PROPERTIES
1.1 General Introduction
Organic electronics such as organic field effect transistors (OFETs),1-6 organic
photovoltaics (OPVs),7-15 and organic light emitting diodes (OLEDs)16-17 have been one
of the most exciting research areas in recent years. This research area is of interest
primarily because of the unique advantages over inorganic counter parts, such as cost,
flexibility, functionality and appearance. The vast majority of current research include
materials development, device design, materials deposition processes, and computational
modelling.18

In materials development, novel organic semiconductors have to be

developed focusing on both electronic and self-assembling abilities. Both properties are
the major focus of this research.
To widen the scope of organic devices, electron-accepting (n-type) organic
semiconductors need to be further developed. Clearly, n-type organic semiconductors are
equally as important when compared to their electron-donating (p-type) counterparts
since they are vital constituents for donor/acceptor organic solar cells and complementary
circuits.5,7,9,10 A few examples of n-type organic semiconductors that have been used
successfully as optoelectronic active materials include naphthalene and perylendiimide
derivatives,3,5,19,20 fullerene (C60),10,11 and diphenyl anthrazolines.21 Recently, extensive
studies have focused on creating n-type organic semiconductors from p-type analogues
by incorporating electron-withdrawing cyano and fluorine into the p-type system.22-29
Employing heteroaromatic moieties such as pyridine, pyrazine, or triazine is also an
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alternative for designing n-type organic semiconductors due to the presence of the
electron-deficient imine nitrogen.30-36

Furthermore, their flat aromatic π-core can

enhance self-assembly through π-π interactions.
The scarcity of n-type organic semiconductors is related to poor stability of the
electron charge carrier under ambient conditions. In general, air stability can be achieved
by either modulating the reduction potential or by forming a kinetic barrier against
moisture and oxygen. One approach to creating air stable, n-type organic semiconductors
involves incorporating electron-withdrawing substituents into the π-core, thus lowering
the lowest unoccupied molecular orbital (LUMO) energy level so that electron charge
carriers are less susceptible to oxidation.37-42 In order to stabilize the charge carriers with
respect to H2O oxidation a reduction potential should be more positive than -0.66 V vs
SCE (-0.815 V vs Fc/Fc+).37 Another approach is the formation of kinetic barriers.
Kinetic barriers against moisture and oxygen could be accomplished via the introduction
of hydrophobic fluorinated side groups at the π-core43 or via self-assembly. If selfassembly can lead to an intermolecular distance of less than 3.46 Å, which is the kinetic
diameter of oxygen, oxygen diffusion into the assembled structure can be prevented
significantly.44-46

Therefore, both tuning electronic properties and modulating the

assembled structure are important issues in developing stable n-type organic
semiconductors.
Self-assembly of organic semiconductors through various intermolecular
interactions has been a particularly useful fundamental approach in preparing
nanostructures with high levels of supramolecular organization. The long-range order in
one-dimensionally (1D) grown nanostructurse can enhance their device performance.47,48
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Most organic semiconducting materials contain a large π-core and solubilizing alkyl side
groups which provide intermolecular π-π and van der Waals interactions, respectively.
The morphology of self-assembled structures is frequently controlled by side group
manipulation such as length, branching, and polarity.49-59 Otherwise, other peripheral
substituents around π-cores can be introduced for further tuning the assembling properties
with additional intermolecular interactions. Self-assembly of organic semiconductors is
based on a combination of various intermolecular interactions, including hydrogen
bonding, π-π stacking, dipole-dipole interaction, halogen bonding, or van der Waals
forces. These interactions either compete or cooperate with π-π interactions, which lead
to a 1D self-assembled structure. Among these intermolecular interactions, classical
hydrogen bonding has been a common choice to support π-π interactions, however the
utilization of hydrogen bonding is sometimes limited by geometric requirements.60-81 In
contrast, other interactions such as dipole-dipole interactions or nonclassical hydrogen
bonding between polar atoms and aromatic protons are rarely studied for the purpose of
self-assembly. For example, the cyano group has been an attractive moiety because it has
the ability to interact with other cyano groups,82,83 or other atoms such as halogens,84,85
sulfur in thiophenes,24 and hydrogens in an aromatic ring.86-88 These cyano interactions
have only been of interest for two reasons, strengthening molecular packing in crystals or
for assembling behavior at the solid-vacuum interface.89,90 Such variations of cyano
interactions lead to the feasibility of controlling the morphology and molecular
organization by changing assembling conditions.

Despite this, solution-based self-

assembly using cyano interactions is rarely investigated.91
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Together with sensible molecular design, a method for self-assembly plays a
crucial role in producing a 1D assembled structure. Developing a 1D self-assembling
method relies on adjusting the interactions between molecule-molecule and moleculesolvent in order to maximize 1D growth of the molecules while suppressing growth in
other dimensions. Depending on the molecular structure and geometry, 1D assembly
could be performed via several different solution-based methods, such as rapid solution
dispersion,

phase

transfer

method,

vapor

annealing,

crystallization,

and

organogelation.92-98 With each assembly method, assembling conditions such as solvent
polarity, solution concentration, and temperature are also important factors for inducing
1D assembly and controlling the assembled structure.99-101 For example, in the 1D selfassembly

of

[2-(p-dimethylaminophenyl)ethenyl]-phenyl-methylene-propanedinitrile

(DAPMP), an intramolecular charge transfer compound with two distinct directions of
dipole moment showed different molecular arrangements depending on the assembling
temperature.102

In summary, 1D self-assembly is a delicate process which requires

proper methodology and conditions to allow for a well organized molecular arrangement.
Among these self-assembly methods, organogelation is an attractive method to
generate 1D nanostructures due to its simplicity and reproducibility.103-107

In an

appropriate solvent, low molecular weight organogelators (LMOGs) form 1D nanofibers
by various intermolecular forces such as hydrogen bonding, π-π interaction, van der
Waals interaction, etc. by a simple heating and cooling process.103-107 Subsequent threedimensional (3D) entanglement of the 1D nanofibers with trapping solvent molecules
produces organogels. π-Organogelators have been of particular interest owing to their
potential electro-optical applications.108-113
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Recently, a number of functional π-

organogels have been reported, including those used for aggregation induced
emission,114-116 conducting nanowires,79,117,118 and energy transfer applications.119-124
These studies clearly demonstrate the widespread utility of π-organogels. As a result,
there have been a number of reports regarding π-conjugated LMOGs such as acene,125,126
oligo(p-phenylenevinylene),62,69,127
phthalocyanine.128

oligo(p-phenyleneethynylene),73,74

and

However, research on π-LMOGs based on n-type organic

semiconductors have not yet been widely studied.
This chapter focuses on the development of novel T-shaped asymmetric
bisphenazines with a focus on studying the effects of added substituents such as the type,
position, and number of substituents.

Chemical modification of the T-shaped

bisphenazine provides an opportunity to tune the electronic and assembling properties.
Therefore, various T-shaped asymmetric bisphenazine derivatives were designed to
achieve two goals; tuning electronic properties to develop n-type organic semiconductors
and creating 1D nanostructures by self-assembly, especially by organogelation. The first
portion of this chapter describes synthetic approaches to prepare target molecules and the
electronic properties of the molecules characterized by UV-visible absorption and
emission spectroscopy, and cyclic voltammetry. The second portion then demonstrates
the self-assembling ability using varied assembly methodologies or conditions. The
assembled samples were characterized using various instruments such as differential
scanning calorimetry, UV-visible absorption and emission spectroscopy, X-ray
diffraction pattern, FT-IR analysis, scanning electron microscopy, and atomic force
microscopy.
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1.2 Molecular Design
In this research, bisphenazine was chosen as a π-platform. Bisphenazine has an
excellent π-core for both electronic and assembling properties, as exemplified by a
previous report which demonstrated the system’s liquid crystallinity and possible utility
as an electron transporting materials.129

Bisphenazine has a planar heteroaromatic

molecular structure that may assist self-assembly through π-π interactions, while the
presence of four imine nitrogens makes the system electron-deficient. The presence of
bulky t-butyl groups in the π-core provides significant improvement in solubility. It is
important to note that little is known about the synthesis and the influence of chemical
modifications on bisphenazine.

Electron-deficient bisphenazine π-cores are fused

orthogonally to 1,4-bis(phenylethynyl)benzene in the horizontal line. The feasibility of
chemical modification of the phenyl ring at both ends of the horizontal line of the Tshaped π-core provides an opportunity to tune the electronic and assembling properties.
The long alkyl side groups at the end of the vertical line of the π-core promote solubility
and assembly through cooperative van der Waals interactions.

Through systematic

structural modification, the objective is to assess the effects of the type, position, and
number of substituents on both electronic and assembling properties.
Eight T-shaped asymmetric bisphenazine derivatives were designed and
synthesized to study both electronic properties and assembling ability (Figure 1.1). By
changing the type, position, and number of substituents, the effects of chemical and
structural variation on electrochemical and assembling properties were systematically
investigated.
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R2

R2

R1

R1
N

N

Substituent Effect
i) Type : OCH3, H, CN, CHO at R1
N

N

ii) Position : R1 or R2 with CN group
iii) Number : one or two with CN group

CH3(CH2)nO

O(CH2)nCH3

iv) Alkyl length : decyl or hexadecyl group

Figure 1.1 Design principle of T-shaped asymmetric bisphenazine derivatives

Various electron-donating substituents such as methoxy, and hydrogen, as well as
electron-withdrawing cyano and aldehyde were introduced at the R1 position to
investigate substituent effect on both electronic and assembling properties.

To

investigate further substituent effects, the position of the cyano group was changed from
the R1 to the R2 position. For the effect of the number of substituents, two cyano groups
were introduced to both the R1 and R2 positions at the same time. In addition, we
prepared compounds with two different lengths of alkyl side groups, decyl and hexadecyl
groups.

As expected, the alkyl side groups do not affect the chromophore of the

molecule. Consequently, only assembling properties of the compounds were examined
and compared. The following section will focus on the synthesis, characterization of
physical properties, by UV-visible absorption and emission spectroscopy, and cyclic
voltammetry, and assembling properties, examined by phase transfer assembly and
organogelation.
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1.3 Experiments
1.3.1 Instrumentation
Nuclear magnetic resonance (NMR) spectra were obtained with a Varian Gemini
400 MHz spectrometer at room temperature. Deuterated chloroform (CDCl3) containing
tetramethylsilane (TMS) as an internal standard was used as the solvent for both 1H NMR
and

13

C NMR. The mass spectra were collected at the University of North Carolina

Chapel Hill and University of Illinois at Chicago. Elemental analysis was carried out by
Atlantic Microlab, Inc.

Optical properties of the compounds were obtained with

Shimadzu UV-2450 UV-visible spectrophotometer and Horiba Fluorimeter using a xenon
lamp as the excitation source for absorption and fluorescence emission, respectively.
Electrochemistry measurements were performed using cyclic voltammetry (CV) on a CH
Instrument 660C with a three electrode configuration: a cell equipped with a platinum
plate as the counter electrode, a platinum disc (2 mm diameter) as the working electrode,
and a nonaqueous Ag/Ag+ electrode (Ag in 10 mM AgNO3 solution in acetonitrile) as the
reference electrode. CV measurements for all compounds were recorded in a methylene
chloride solution containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)
as the supporting electrolyte. All solutions were purged with argon gas for 15-20 minutes
before each experiment, and a positive pressure of argon flow was maintained over the
sample solution during the experiments. The scan rate (ν) for all experiments was
adjusted to 100 mV/s. All potentials were reported relative to the ferrocene/ferrocenium
(Fc/Fc+) redox couple which was used as an internal standard. Differential scanning
calorimetric (DSC) analyses were performed under nitrogen flow at heating and cooling
rates of 10oC/min using a TA instrument 2100 DSC.
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Fourier transform infrared

spectroscopy (FT-IR) measurements were performed using an IRPrestige-21 Shimadzu
spectrometer.

A diluted solution of compounds in carbon tetrachloride (CCl4) was

measured in a potassium bromide (KBr) cell with 1 mm spacing at room temperature.
All FT-IR measurements of crystal and assembled samples from different solution
concentrations were performed using a Varian FTS-7000 spectrometer using an
attenuated total reflection (ATR) crystal (Ge) and single point absorption micro
reflectance FT-IR microscopy. The assembled samples were dispersed on a glass slide
prior to ATR and absorption reflectance FT-IR measurement. The organogels were also
placed on a sodium chloride (NaCl) plate and dried prior to FT-IR measurements. A total
of 500 scans at a 2 cm-1 resolution were collected for each sample. Scanning electron
microscope (SEM) images were obtained by JSM-5600 operating at 15kV. The samples
were transferred onto a gold/mica substrate, followed by air drying. The dried samples
were coated with gold prior to the SEM imaging.

Noncontact mode atomic force

microscope (AFM) images were obtained using Park Instruments (PSIA) XE-70 multi
mode scanning probe microscope using 910M ACTA cantilevers with a scan rate of 0.30
Hz. The samples were prepared on a clean silicon wafer, followed by air drying. X-ray
diffraction (XRD) patterns were collected on a Pananalytical X’Pert PRO X-ray
diffractometer, for which a Cu-Kα radiation (λ = 1.54 Å, 40 mA, 45 kV) was used.
1.3.2 Synthetic Procedures
All chemicals and solvents were purchased from commercial sources and used as
received without further purification. The precursors, 2,7-di-tert-butylpyrene-4,5,9,10tetraone,130 1,2-dialkoxy-4,5-diaminobenzene,131,132 3,6-dibromo-1,2-diaminobenzene133
were synthesized according to previously reported procedures. The target molecules (1-

9

8) were prepared by the procedure shown in section 1.4.1 (Scheme 1.1 and 1.2).
Chemical structures of all compounds were confirmed by 1H NMR, 13C NMR and mass
spectrometry.
Intermediate A To a solution of 2,7-di-tert-butylpyrene-4,5,9,10-tetraone in
chloroform and acetic acid, 1,2-dihexadecyloxy-4,5-diaminobenzene was added, and the
reaction mixture was refluxed for 2 hours. After cooling it to room temperature, the
reaction mixture was extracted with water to remove acetic acid, and the organic layer
was neutralized by 10 % aqueous sodium hydroxide solution. The organic layer was
dried over sodium sulfate (Na2SO4), and the remaining solvent, after filtration, was
evaporated under reduced pressure. The crude product was purified by silica gel column
chromatography (eluent: dichloromethane/n-hexane 1/1 to dichloromethane) to give the
pure product as a yellow solid (73 % yield). 1H NMR (CDCl3) δ 9.52 (d, 2H, J = 2 Hz),
8.51 (d, 2H, J = 2 Hz), 7.42 (s, 2H), 4.25 (t, 4H, J = 6.6 Hz), 2.01 (m, 4H, J = 7.0 Hz),
1.58 (s, 18H), 1.5-1.2 (m, 52H), 0.88 (t, 6H, J = 6.8 Hz).
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C NMR (CDCl3) δ 180.80,

154.21, 152.27, 140.46, 139.09, 130.90, 130.14, 129.68, 129.38, 127.87, 106.86, 69.59,
35.82, 32.17, 31.52, 29.98, 29.92, 29.90, 29.66, 29.62, 29.14, 26.34, 22.94, 14.37 (5
aliphatic peaks not seen due to overlapping signals). [M+H]+: Calcd 927.69; Found 927.7.
Intermediate B

To a solution of 2,7-di-tert-butylpyrene-4,5,9,10-tetraone in

chloroform and acetic acid, 1,2-didecyloxy-4,5-diaminobenzene was added, and the
reaction mixture was refluxed for 3 hours.

After 3 hours, 3,6-dibromo-1,2-

diaminobenzene was added at once and the mixture was refluxed for an additional 12
hours. After cooling it to room temperature, the reaction mixture was extracted with
water to remove acetic acid, and the organic layer was neutralized by 10 % aqueous
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sodium hydroxide solution. The organic layer was dried over sodium sulfate (Na2SO4),
and the remaining solvent, after filtration, was evaporated under reduced pressure. The
crude

product

was

purified

by silica

gel

column

chromatography (eluent:

dichloromethane/n-hexane 1/4 to 1/3) to give the pure product as a yellow solid (46 %
yield). 1H NMR (CDCl3) δ 9.84 (d, 2H, J = 1.6 Hz), 9.77 (d, 2H, J = 2 Hz), 8.04 (s, 2H),
7.57 (s, 2H), 4.31 (t, 4H, J = 6.6 Hz), 2.01 (m, 4H), 1.76 (s, 18H), 1.60 (m, 4H), 1.5-1.2
(m, 24H), 0.90 (t, 6H, J = 6.8 Hz). 13C NMR (CDCl3) δ 153.44, 150.83, 144.22, 140.17,
140.06, 139.99, 132.72, 129.88, 128.26, 125.49, 124.74, 124.49, 124.14, 106.84, 69.25,
35.82, 31.95, 31.81, 29.68, 29.63, 29.46, 29.39, 28.96, 26.13, 22.72, 14.14. [M+H]+:
Calcd 987.37; Found 987.3.
Intermediate C To a solution of intermediate A in chloroform and acetic acid,
3,6-dibromo-1,2-diaminobenzene was added, and the reaction mixture was refluxed for
14 hours. After cooling it to room temperature, the reaction mixture was extracted with
water to remove acetic acid, and the organic layer was neutralized by 10 % aqueous
sodium hydroxide solution. The organic layer was dried over sodium sulfate (Na2SO4),
and the remaining solvent, after filtration, was evaporated under reduced pressure. The
crude

product

was

purified

by silica

gel

column

chromatography (eluent:

dichloromethane/n-hexane 1/4 to 1/1) to give the pure product as a yellow solid (90 %
yield). 1H NMR (CDCl3) δ 9.83 (d, 2H, J = 2 Hz), 9.76 (d, 2H, J = 2.4 Hz), 8.04 (s, 2H),
7.55 (s, 2H), 4.30 (t, 4H, J = 6.8 Hz), 2.01 (m, 4H, J = 7.1 Hz), 1.76 (s, 18H), 1.6-1.2 (m,
52H), 0.88 (t, 6H, J = 6.8 Hz).
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C NMR (CDCl3) δ 153.43, 150.83, 144.21, 140.17,

140.05, 139.99, 132.74, 129.87, 128.25, 125.50, 124.73, 124.49, 124.13, 106.81, 69.25,
35.82, 31.94, 31.80, 29.76, 29.69, 29.47, 29.39, 28.95, 26.12, 22.71, 14.14 (6 aliphatic
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peaks not seen due to overlapping signals). [M+H]+: Calcd 1155.56; Found 1157.5 (most
intense isotope).
Intermediate E To a solution of intermediate C, triphenylphosphine (PPh3), and
palladium acetate (Pd(OAc)2) in tetrahydrofuran and isopropylamine, (trimethylsilyl)
(TMS) acetylene and copper iodide were added. The reaction mixture was refluxed for
12 hours. After cooling it to room temperature, the mixture was filtered through Celite
with hot chloroform to remove reaction salts and catalysts, and the remaining solvent,
after filtration, was evaporated under reduced pressure. The crude product was purified
by silica gel column chromatography (eluent: dichloromethane/n-hexane 3/7 to 1/1) to
give the pure product as a yellow solid (95 % yield). 1H NMR (CDCl3) δ 9.86 (s, 2H),
9.75 (s, 2H), 8.04 (s, 2H), 7.54 (s, 2H), 4.30 (t, 4H, J = 6.4 Hz), 2.00 (m, 4H, J = 7.0 Hz),
1.77 (s, 18H), 1.6-1.2 (m, 52H), 0.88 (t, 6H, J = 6.8 Hz), 0.47 (s, 18H).
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C NMR

(CDCl3) δ 153.21, 150.36, 143.59, 141.91, 140.13, 139.84, 133.94, 129.72, 128.84,
125.38, 124.20, 123.81, 106.66, 102.91, 101.80, 69.09, 35.83, 31.93, 29.76, 29.69, 29.47,
29.39, 28.95, 26.11, 22.70, 14.14, 0.23 (7 aliphatic peaks not seen due to overlapping
signals). [M+H]+: Calcd 1191.82; Found 1191.7.
Intermediate F

To a solution of intermediate E in dichloromethane and

methanol, potassium carbonate was added. The reaction mixture was stirred at room
temperature for 12 hours. The yellow suspension was filtered through Celite and rinsed
with hot chloroform. The filtrate was evaporated under reduced pressure. The pure
product was obtained as a yellow solid after reprecipitation from the chloroform and
methanol mixture (99 % yield). 1H NMR (CDCl3) δ 9.85 (d, 2H, J = 2 Hz), 9.77 (d, 2H, J
= 2 Hz), 8.04 (s, 2H), 7.60 (s, 2H), 4.32 (t, 4H, J = 6.6 Hz), 3.84 (s, 2H), 2.02 (m, 4H, J =
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7.0 Hz), 1.75 (s, 18H), 1.6-1.2 (m, 52H), 0.88 (t, 6H, J = 7.0 Hz).
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C NMR (CDCl3) δ

153.44, 150.68, 143.82, 142.08, 140.33, 140.01, 133.53, 129.86, 128.72, 125.52, 124.51,
124.17, 123.35, 106.89, 85.17, 80.34, 69.26, 35.82, 31.94, 31.76, 29.75, 29.68, 29.46,
29.39, 29.95, 26.13, 22.70, 14.14 (6 aliphatic peaks not seen due to overlapping signals).
[M+H]+: Calcd 1047.74; Found 1047.7.
Compound 1

To a solution of intermediate F and dichlorobis(triphenyl-

phosphine)palladium(II) (Pd(PPh3)2Cl2) in tetrahydrofuran and triethylamine, 4iodoanisole and copper iodide were added. The reaction mixture was refluxed for 12
hours. After cooling it to room temperature, the mixture was filtered through Celite with
hot chloroform to remove reaction salts and catalysts, and the remaining solvent, after
filtration, was evaporated under reduced pressure. The crude product was purified by
silica gel column chromatography (eluent: dichloromethane/n-hexane 2/3 to 1/1) to give
the pure product as an orange solid (15 % yield). 1H NMR (CDCl3) δ 9.88 (d, 2H, J = 2.4
Hz), 9.73 (d, 2H, J = 2 Hz), 8.03 (s, 2H), 7.79 (d, 4H, J = 8.8 Hz), 7.54 (s, 2H), 6.99 (d,
4H, J = 8.8 Hz), 4.29 (t, 4H, J = 6.4 Hz), 3.9 (s, 6H), 2.00 (m, 4H, J = 7.0 Hz), 1.76 (s,
18H), 1.6-1.2 (m, 52H), 0.88 (t, 6H, J = 7 Hz).
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C NMR (CDCl3) δ 159.94, 153.03,

150.05, 143.23, 141.89, 140.09, 139.71, 133.51, 132.39, 129.62, 128.87, 125.30, 124.12,
123.77, 123.56, 115.68, 114.01, 106.60, 97.67, 86.12, 69.08, 55.35, 35.81, 31.95, 31.91,
29.79, 29.77, 29.73, 29.71, 29.54, 29.40, 28.99, 26.14, 22.72, 14.15 (4 aliphatic peaks not
seen due to overlapping signals). [M+H]+: Calcd 1259.82; Found 1259.8.
Compound 2
phosphine)palladium(II)

To a solution of intermediate F and dichlorobis(triphenyl(Pd(PPh3)2Cl2)

in

tetrahydrofuran

and

triethylamine,

iodobenzene and copper iodide were added. The reaction mixture was refluxed for 12
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hours. After cooling it to room temperature, the mixture was filtered through Celite with
hot chloroform to remove reaction salts and catalysts, and the remaining solvent, after
filtration, was evaporated under reduced pressure. The crude product was purified by
silica gel column chromatography (eluent: dichloromethane/n-hexane 1/2 to 1/1) to give
the pure product as a yellow solid (83 % yield). 1H NMR (CDCl3) δ 9.89 (d, 2H, J = 2
Hz), 9.73 (d, 2H, J = 2.4), 8.08 (s, 2H), 7.9-7.8 (m, 4H), 7.54 (s, 2H), 7.5-7.4 (m, 6H),
4.30 (t, 4H, J = 6.6), 2.01 (m, 4H, J = 6.8), 1.747 (s, 18H), 1.6-1.2 (m, 52H), 0.88 (t, 6H,
J = 6.8).
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C NMR (CDCl3) δ 153.30, 150.38, 143.52, 142.07, 140.23, 139.90, 132.74,

132.03, 129.77, 128.91, 128.73, 128.48, 125.44, 124.31, 124.02, 123.74, 123.46, 106.82,
97.73, 87.10, 69.20, 35.84, 31.95, 31.86, 29.77, 29.69, 29.49, 29.39, 28.98, 26.14, 22.70,
14.13 (6 aliphatic peaks not seen due to overlapping signals). [M+H]+: Calcd 1199.80;
Found 1199.8.
Compound 3

To a solution of intermediate F and dichlorobis(triphenyl-

phosphine)palladium(II) (Pd(PPh3)2Cl2) in tetrahydrofuran and triethylamine, 4iodobenzonitrile and copper iodide were added. The reaction mixture was refluxed for 12
hours. After cooling it to room temperature, the mixture was filtered through Celite with
hot chloroform to remove reaction salts and catalysts, and the remaining solvent, after
filtration, was evaporated under reduced pressure. The crude product was purified by
silica gel column chromatography (eluent: dichloromethane/n-hexane 1/2 to 2/1) to give
the pure product as a yellow solid (85 % yield). 1H NMR (CDCl3) δ 9.74 (d, 2H, J = 2.4
Hz), 9.72 (d, 2H, J = 2 Hz), 8.02 (s, 2H), 7.88 (d, 4H, J = 8 Hz), 7.74 (d, 4H, J = 8 Hz),
7.55 (s, 2H), 4.31 (t, 4H, J = 6.6 Hz), 2.02 (m, 4H, J = 7.0 Hz), 1.73 (s, 18H), 1.6-1.2 (m,
52H), 0.88 (t, 6H, J = 6.8 Hz).
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C NMR (CDCl3) δ 153.49, 150.35, 143.83, 141.82,

14

140.04, 140.03, 133.01, 132.35, 132.17, 129.93, 128.57, 128.12, 125.47, 124.71, 123.73,
123.48, 118.49, 112.03, 106.80, 95.94, 91.13, 69.26, 35.84, 31.94, 31.82, 29.77, 29.75,
29.70, 29.49, 29.39, 28.98, 26.15, 22.70, 14.14 (5 aliphatic peaks not seen due to
overlapping signals). Anal. Calcd for C86H100N6O2: C, 82.65; H, 8.07; N, 6.72. Found: C,
81.67; H, 7.93; N, 6.47.
Compound 4

To a solution of intermediate F and dichlorobis(triphenyl-

phosphine)palladium(II) (Pd(PPh3)2Cl2) in tetrahydrofuran and triethylamine, 4iodobenzonitrile and copper iodide were added. The reaction mixture was refluxed for 12
hours. After cooling it to room temperature, the mixture was filtered through Celite with
hot chloroform to remove reaction salts and catalysts, and the remaining solvent, after
filtration, was evaporated under reduced pressure. The crude product was purified by
silica gel column chromatography (eluent: dichloromethane/n-hexane 1/3 to 1/1) to give
the pure product as an orange solid (84 % yield). 1H NMR (CDCl3) δ 9.81 (d, 2H, J = 2.4
Hz), 9.77 (d, 2H, J = 1.6 Hz), 8.08 (s, 2H), 7.92 (d, 4H, J = 8.4 Hz), 7.76 (d, 4H, J = 8.4
Hz), 7.60 (s, 2H), 4.33 (t, 4H, J = 6.8 Hz), 2.03 (m, 4H), 1.73 (s, 18H), 1.61 (m, 4H), 1.51.2 (m, 24H), 0.90 (t, 6H, J = 6.8 Hz).
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C NMR (CDCl3) δ 153.47, 150.29, 143.79,

141.78, 140.01, 132.97, 132.34, 132.15, 129.91, 128.56, 128.12, 125.45, 124.70, 123.67,
123.47, 118.48, 112.03, 106.79, 95.90, 91.16, 69.26, 35.83, 31.97, 31.84, 29.71, 29.65,
29.51, 29.42, 29.01, 26.16, 22.73, 14.15 (1 aromatic peak not seen due to overlapping
signals). Anal. Calcd for C74H76N6O2: C, 82.19; H, 7.08; N, 7.77. Found: C, 81.60; H,
7.04; N, 7.68.
Compound 5 To a solution of intermediate F and dichlorobis(triphenylphosphine)palladium(II)

(Pd(PPh3)2Cl2)

in

tetrahydrofuran
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and

triethylamine,

4-

iodobenzaldehyde and copper iodide were added. The reaction mixture was refluxed for
4 hours. After cooling it to room temperature, the mixture was filtered through Celite
with hot chloroform to remove reaction salts and catalysts, and the remaining solvent,
after filtration, was evaporated under reduced pressure. The crude product was purified
by silica gel column chromatography (eluent: dichloromethane/n-hexane 4/1 to
dichloromethane) and alumina column chromatography (eluent: dichloromethane) to give
the pure product as a yellow solid (57 % yield). 1H NMR (CDCl3) δ 10.11 (s, 2H), 9.86
(d, 2H, J = 2 Hz), 9.77 (d, 2H, J = 2 Hz), 8.10 (s, 2H), 7.99 (s, 8H), 7.59 (s, 2H), 4.32 (t,
4H, J = 6.4 Hz), 2.02 (m, 4H), 1.75 (s, 18H), 1.61 (m, 4H), 1.5-1.2 (m, 48H), 0.88 (t, 6H,
J = 6.6 Hz). 13C NMR (CDCl3) δ 191.39, 153.49, 150.45, 143.84, 141.94, 140.16, 140.04,
135.83, 133.07, 132.48, 129.93, 129.69, 129.54, 128.70, 125.51, 124.64, 123.90, 123.67,
106.87, 96.83, 90.91, 69.28, 35.86, 31.95, 31.85, 29.77, 29.70, 29.49, 29.39, 29.00, 26.16,
22.71, 14.13 (6 aliphatic peaks not seen due to overlapping signals). [M+H]+: Calcd
1255.79; Found 1255.6.
Compound 6

To a solution of intermediate F and dichlorobis(triphenyl-

phosphine)palladium(II) (Pd(PPh3)2Cl2) in tetrahydrofuran and triethylamine, 4iodobenzaldehyde and copper iodide were added. The reaction mixture was refluxed for
3.5 hours. After cooling it to room temperature, the mixture was filtered through Celite
with hot chloroform to remove reaction salts and catalysts, and the remaining solvent,
after filtration, was evaporated under reduced pressure. The crude product was purified
by silica gel column chromatography (eluent: dichloromethane/n-hexane 1/1 to
dichloromethane) and alumina column chromatography (eluent: dichloromethane) to give
the pure product as an orange solid (74 % yield). 1H NMR (CDCl3) δ 10.09 (s, 2H ), 9.79
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(d, 2H, J = 2 Hz), 9.72 (d, 2H, J = 2 Hz), 8.03 (s, 2H), 7.96 (s, 8H), 7.53 (s, 2H), 4.30 (t,
4H, J = 6.6 Hz), 2.01 (m, 4H), 1.74 (s, 18H), 1.60 (m, 4H), 1.5-1.2 (m, 24H), 0.90 (t, 6H,
J = 6.8 Hz). 13C NMR (CDCl3) δ 191.37, 153.43, 150.37, 143.78, 141.88, 140.10, 139.99,
135.80, 133.04, 132.46, 129.87, 129.66, 129.54, 128.65, 125.47, 124.61, 123.83, 123.63,
106.82, 96.79, 90.92, 69.25, 35.85, 31.97, 31.86, 29.70, 29.65, 29.51, 29.41, 29.01, 26.16,
22.73, 14.15. [M+H]+: Calcd 1087.6; Found 1088.1.
Compound 7 To a solution of intermediate F and dichlorobis(triphenylphosphine)palladium(II)

(Pd(PPh3)2Cl2)

in

tetrahydrofuran

and

triethylamine,

3-

iodobenzonitrile and copper iodide were added. The reaction mixture was refluxed for 12
hours. After cooling it to room temperature, the mixture was filtered through Celite with
hot chloroform to remove reaction salts and catalysts, and the remaining solvent, after
filtration, was evaporated under reduced pressure. The crude product was purified by
silica

gel

column

chromatography

(eluent:

dichloromethane/n-hexane

dichloromethane) to give the pure product as an orange solid (75 % yield).

1/1
1

to

H NMR

(CDCl3) δ 9.70 (d, 2H, J = 2 Hz), 9.67 (d, 2H, J = 2 Hz), 8.04 (s, 2H), 8.00-7.92 (m, 4H),
7.69 (d, 2H, J = 7.6 Hz), 7.60-7.48 (m, 4H), 4.29 (t, 4H, J = 6.6 Hz), 2.01 (m, 4H), 1.74
(s, 18H), 1.60 (m, 4H), 1.5-1.2 (m, 48H), 0.88 (t, 6H, J = 6.8 Hz).
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C NMR (CDCl3) δ

153.39, 150.36, 143.69, 141.73, 140.03, 139.95, 135.92, 134.97, 132.88, 131.84, 129.83,
129.40, 128.50, 125.39, 124.93, 124.61, 123.72, 123.35, 118.03, 113.14, 106.79, 95.00,
89.19, 69.23, 35.83, 31.94, 31.81, 29.77, 29.75, 29.71, 29.51, 29.39, 29.00, 26.16, 22.71,
14.14 (5 aliphatic peaks not seen due to overlapping signals). [M+H]+: Calcd 1249.79;
Found 1249.6.
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Compound 8 To a solution of intermediate F and dichlorobis(triphenylphosphine)palladium(II)

(Pd(PPh3)2Cl2)

in

tetrahydrofuran

and

triethylamine,

3-

iodophthalonitrile and copper iodide were added. The reaction mixture was refluxed for
12 hours. After cooling it to room temperature, the mixture was filtered through Celite
with hot chloroform to remove reaction salts and catalysts, and the remaining solvent,
after filtration, was evaporated under reduced pressure. The crude product was purified
by silica gel column chromatography (eluent: dichloromethane/n-hexane 3/2 to
dichloromethane) to give the pure product as an orange solid (80 % yield).

1

H NMR

(CDCl3) δ 9.71 (d, 2H, J = 2 Hz), 9.59 (d, 2H, J = 2 Hz), 8.05 (s, 2H), 7.94 (d, 2H, J = 8
Hz), 7.90 (s, 2H), 7.80 (d, 2H, J = 8 Hz), 7.54 (s, 2H), 4.29 (t, 4H, J = 6.4 Hz), 2.00 (m,
4H), 1.75 (s, 18H), 1.59 (m, 4H), 1.5-1.2 (m, 48H), 0.88 (t, 6H, J = 6.8 Hz).

13

C NMR

(CDCl3) δ 153.73, 150.50, 144.05, 141.59, 140.15, 139.86, 135.93, 135.66, 133.49,
133.26, 130.08, 128.93, 128.29, 125.45, 125.05, 123.56, 123.22, 116.57, 115.07, 114.82,
114,65, 106.79, 93.83, 93.58, 69.33, 35.89, 31.95, 31.84, 29.78, 29.75, 29.71, 29.69,
29.50, 29.39, 29.01, 26.14, 22.71, 14.13 (4 aliphatic peaks not seen due to overlapping
signals). [M+H]+: Calcd 1299.78; Found 1299.6.
1.3.3 Phase Transfer Assembly
The solution based self-assembly was performed using a phase transfer method in
a dichloromethane/methanol binary solvent system. All solvents were filtered through a
0.2 µm PTFE filter before each experiment. A homogeneous solution of the compounds
was prepared in dichloromethane and was filtered through a 0.2 µm PTFE filter into a
clean 20 mL screw-cap vial. Methanol was then slowly added to the dichloromethane
solution so that two phases could be maintained. The binary solvent mixture was then
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left undisturbed overnight to induce a 1D assembled structure. The volume ratio of
dichloromethane/methanol was kept constant (3/2 v/v).
1.3.4 Simple Precipitation
A homogeneous solution of the compounds was prepared in dichloromethane and
was filtered through a 0.2 µm PTFE filter into a clean 20 mL screw-cap vial. Excess
Methanol was then added into the dichloromethane solution quickly.
1.3.5 Recrystallization
A concentrated dichloromethane solution was prepared, followed slow
evaporation of the solvent by standing to grow crystals upon, which initially formed after
24 hours.
1.3.6 Organogelation
The suspension of a weighed amount of each compound in an organic solvent was
heated in a screw-cap vial until the solid dissolved then cooled to room temperature.
Gelation was considered successful if no flow was observed upon inverting the vial. A
thixotropic behavior of those gels has been tested by disturbing the gel with external
mechanical strain. After being left undisturbed for 15 minutes, the broken gel is restored
as defined by a thixotropic gel.
1.3.7 Gelling Temperature (Tgel)
The gelling temperatures (Tgel) were determined using the ‘inverse flow’
method.134 Gels were formed and placed upside down in a temperature regulated water
bath. The temperature of water was slowly increased and monitored. The temperature at
which the gel fell from the bottom of the vial was taken as Tgel for that sample.
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1.3.8 Cast Film Preparation
A diluted solution in an organic solvent was used for preparing cast films. The
solution was drop-cast onto a clean cover slide surface for UV-visible absorption
measurement and a silicon wafer for AFM experiments. Then, it was left undisturbed for
several minutes, until the solvents evaporated.

1.4. Result and Discussion
1.4.1. Synthesis
The final compounds (1-8) were synthesized by the procedure described in
Scheme 1.1 and 1.2. The efficient synthetic route to the crucial intermediates, B and C,
was established through three different approaches as shown in Scheme 1.1.

The

asymmetric dibromobisphenazine containing decyl or hexadecyl groups was synthesized
by either sequential addition (Route 3) or stepwise cyclization (Route 1 and 2). The
approach through Route 2 was a stepwise cyclization beginning with 3,6-dibromo-1,2diaminobenzene

and

2,7-di-tert-butylpyrene-4,5,9,10-tetraone.

However,

the

diketophenazine intermediate D was unable to be purified due to poor solubility in
organic solvents. In contrast, (Route 1) the diketophenazine intermediate A containing
solubilizing alkyl groups was easily purified with silica gel column chromatography,
generating 69 and 73 % yield for the compounds containing decyl and hexadecyl groups,
respectively. After the second cyclization with 3,6-dibromo-1,2-diaminobenzene, the
overall yield was 41 % and 67 % for compounds B and C, respectively. The third
approach (Route 3) was a simple sequential addition of 1,2-dialkoxy-4,5-diaminobenzene
to

2,7-di-tert-butylpyrene-4,5,9,10-tetraone
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Scheme 1.1 Stepwise cyclization (Route 1 and 2) and sequential addition cyclization
(Route 3) to B and C.
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diaminobenzene without any purification of the diketophenazine intermediate. In the
case of B containing decyl groups, Route 3 generated 46 % yield which is slightly higher
than the overall yield through Route 1. This was the route with the least number of steps.
However, Route 3 produced a low yield (20 %) with compound C, presumably because
of initial side products at the first cyclization, which later caused an improper
stoichiometric ratio during cyclization. In this work, the dibromobisphenazine B and C
were prepared by two different synthetic approaches, Route 3 and Route 1, respectively,
depending on the length of alkyl side groups.
As shown in Scheme 1.2, final target compounds 1-8 were synthesized from
dibromobisphenazine through Sonogashira coupling reactions. Sonogashira coupling is a
simple and efficient Pd-catalyzed reaction used to from C(sp)-C(sp) bonds by replacing
an aryl halide with an acetylene group.135-137

First, the intermediate B or C,

dibromobisphenazine containing decyl or hexadecyl groups, respectively, was reacted
with (trimethylsilyl) (TMS) acetylene under typical Sonogashira coupling conditions.
The first attempt to couple TMS groups to compound C employing the Pd(PPh3)2Cl2
catalyst produced the monosubstituted bisphenazine with TMS groups as a major product
as well as reactant, C. In this case, the replacement of bromine to iodine in compound C
can increase the reactivity because it is a well known fact that the reactivity of iodine is
higher than that of bromine in Sonogashira coupling. However, one of the precursors,
3,6-diiodo-1,2-diaminobenzene, requires three additional synthetic steps from 3,6dibromo-1,2-diaminobenzene. Instead of the tedious multi-step process, the reaction
conditions were altered to increase reactivity. When Pd(OAc)2 was used as a catalyst, the
reaction was clean, without noticeable impurities, and the yield for the coupling of TMS
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Scheme 1.2 Synthetic routes to T-shaped asymmetric bisphenazine derivatives, 1-8.

acetylene to compound C was dramatically improved to 95 %. After removal of the TMS
group with K2CO3, compound F was reacted with the relevant iodoarenes under typical
Sonogashira coupling conditions using Pd(PPh3)2Cl2 as a catalyst. From the Sonogashira
coupling reaction, only compound 1 gave a low yield (15 %) due to a number of
unidentifiable side products, while other final compounds 2-8 were successfully obtained
with good yields (60-80 %).
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1.4.2. Physical Properties
1.4.2.1. Optical Properties
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Figure 1.2. Normalized UV-visible absorption spectra for 1, 2, 3, and 5 in
dichloromethane solution.

The UV-visible absorption spectra were obtained in 5 × 10-6 M dichloromethane
solution. The spectra of all compounds (1-8) showed two major peaks at 400 and 422
nm, which originated from the bisphenazine core, and a shoulder at 450 nm caused by the
extension of conjugation with the orthogonally connected aryleneacetylene.138
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The

absorptions and a shoulder observed are intrinsic to the molecules rather than molecular
aggregation, as verified by Beer’s law (Appendix Section1). The spectra shown in this
section have been normalized at the absorption maxima (422 nm) of each compound for
comparison. The absorption edge area is a point of focus since the energy gap between
HOMO and LUMO levels are estimated by fitting a tangent to the absorption edge.139
The effect of substituent type on UV-visible region absorption was investigated
for compounds 1, 2, 3 and 5 as shown in Figure 1.2. The compounds 1, 2, 3 and 5 have a
similar molecular structure with a different substituent at the R1 position. As R1 changes
from hydrogen (2, R1 = H) to methoxy (1, R1 = OCH3), to cyano (3, R1 = CN), or to
aldehyde (5, R1 = CHO), the shoulder at 450 nm and the absorption edge were shifted to
longer wavelengths. The absorption edge was gradually shifted to longer wavelengths as
the substituent is changed from H (2) to CN (3) to CHO (5) to OCH3 (1) groups. As a
result, the HOMO-LUMO energy gap calculated from the tangent of the absorption edge
decreases in the same order and the values obtained are summarized in Table 1.1.
Interestingly, the electron donating OCH3 group on compound 1 led to the most
prominent shift from compound 2 (R1 = H).

With compounds 3 and 5 containing

electron withdrawing CN and CHO groups, only slightly red-shifted absorption edges
were observed.
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Figure 1.3. Normalized UV-visible absorption spectra for 3, 7, and 8 in dichloromethane
solution.

To investigate further substituent effects, the position of the CN group was
changed from the R1 (3) to the R2 (7) position. To examine the number of substituent
effects, two CN groups were introduced to both the R1 and R2 position (8). The effects of
changing the substituent position and number on the UV-visible region absorbance were
explored with compounds 3, 7, and 8, as shown in Figure 1.3. The effect of changing the
CN group position from R1 (3) to R2 (7) was negligible in the UV-visible absorption
spectrum. On the other hand, a prominent change was observed upon increasing the
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number of CN groups.

This substitution extended the absorption edge to a longer

wavelength by ca. 20 nm.
The UV-visible absorption spectra of compounds 4 (R1 = CN) and 6 (R1 = CHO)
were nearly identical to those of 3 (R1 = CN) and 5 (R1 = CHO). This is due to the fact
that alkyl side groups do not affect the chromophore of the molecule. Therefore, UVvisible absorption spectra of compounds 4 and 6 are not shown here.
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Figure 1.4. Normalized fluorescence spectra for 1, 2, 3, and 5 in chloroform solution.
Excitation wavelength: 422 nm.

The fluorescence spectra of compounds 1-8 were obtained in 1 × 10-8 M
chloroform solution. The excitation wavelength for fluorescence emission measurements
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was 422 nm. The fluorescence spectra were normalized at the emission maxima for
comparison.
The emission maxima was gradually shifted to longer wavelengths as the
substituent changed from H (2) to CHO (5) to CN (3) to OCH3 (1). The emission
maxima were 549 (1, R1 = OCH3), 509 (2, R1 = H), 524 (3, R1 = CN), and 517 (5, R1 =
CHO) nm. This trend is similar to what was observed at the absorption edge in UVvisible absorption spectra when compared as a function of the substituent type.
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Figure 1.5. Normalized fluorescence spectra for 3, 7, and 8 in chloroform solution.
Excitation wavelength: 422 nm.
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Compounds 3, 7, and 8 are used for the study of the effect of the position and the number
of CN group. In this case, emission maximums followed the order of 7 (519 nm) < 3
(524 nm) < 8 (545 nm), which is also consistent with UV-visible absorption result.
1.4.2.2 Electrochemical Properties
The substituent effect of the T-shaped bisphenazine derivatives (1-8) on the
electrochemical properties was examined using cyclic voltammetry in dichloromethane
solution.

The cyclic voltammograms of all compounds represent a quasi-reversible

behaviour of the system (∆ Ep = Epc - Epa ≥ 90 mV/n, where Ep = the peak potential, Epa =
the anodic peak potential, Epc = the cathodic peak potential, and n = the number of
electrons transferred). The potential associated with the first reduction peak is directly
related to the LUMO energy level of the compounds.

Thus, the onset of the first

reduction peak was measured to calculate the LUMO level. The LUMO level was
calculated relative to the ferrocene’s oxidation potential of -4.8 eV with respect to
vacuum. In this manner, the onset of the first oxidation peak can be also used to calculate
the HOMO energy level of the compounds. However, the first oxidation potentials of the
compounds could not be determined within the characterized potential window because
of overlap with the solvent background peak. Therefore, the HOMO level was estimated
from the LUMO level in combination with the HOMO-LUMO energy gap derived from
the UV-visible absorption spectra.
Figure 1.6 exhibits the substituent effect on the electrochemical properties with
compounds 1-3. Among them, the LUMO level was continuously decreased from the
compound containing methoxy group (1, R1 = OCH3) to hydrogen (2, R1 = H) to the
cyano group (3, R1 = CN). In comparison to compound 2 with H at the R1 position, the
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introduction of the electron-donating methoxy group slightly increased the LUMO level
(0.03 eV) while compound 3 containing an electron-withdrawing CN group has a LUMO
level at -3.38 eV which is about 0.1 eV lower than that of compound 2.
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Figure 1.6 Cyclic voltammograms for the reduction of 1, 2, and 3. Scan rate = 100mV/s.

The HOMO and LUMO orbitals for compounds 1, 2, and 3 are presented in
Figures 1.7.

In the case of compounds 1 and 2, both HOMO and LUMO orbitals

localized on the horizontal line of the T-shaped π-cores including a substituent at the R1
position. For compound 3, the LUMO orbital localized in an equivalent manner to the
those of compounds 1 and 2 while the HOMO orbital of compound 3 differed from the
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others. Orbital coefficients at the HOMO level of compound 3 were localized away from
the CN group.

The difference in the HOMO orbital of compound 3 results from

extremely close HOMO and HOMO-1 energies, where the HOMO-1 orbital of compound
3 localized on the horizontal line of the T-shaped π-cores as HOMO orbitals of
compounds 1 and 2. Initially, low-level CIS analysis found that the first electronic
energy excitation for compound 3 is predicted to be between the HOMO-1 and LUMO
orbitals. Consequently, compounds 1, 2, and 3 can be viewed as having equivalent
transitions of equivalent states. All the energy values from theoretical calculation are
provided in Table 1.1 with experimental values.

(a)

(c)

(b)

HOMO

HOMO

HOMO

LUMO

LUMO

LUMO

Figure 1.7 HOMO and LUMO orbital of (a) 1, (b) 2, and (c) 3 predicted using optimized
geometries at the B3LYP/6-31G* level of theory.
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Figure 1.8 Cyclic voltammograms for the reduction of 3, 5, 7, and 8. Scan rate =
100mV/s.

To investigate further substituent effects on the electrochemical properties, the
CHO group was introduced in compound 5. For the position effect of substituent, the CN
group was introduced to the R2 position (7). To examine the number of substituent
effect, two CN groups were introduced to both the R1 and R2 positions (8). In Figure 1.8,
compounds 3, 5, and 8 showed both first and second reduction potentials while
compound 7 exhibited only the first reduction potential. The second reduction peak for
compound 7 is absent within the characterized potential range. The LUMO level of
compound 5 (R1 = CHO) was also found at approximately -3.39 eV, indicating a similar
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electron-withdrawing effect when compared to CN group.

When the CN group is

changed from the R1 to R2 position, the LUMO level was found to be approximately 3.35 eV, which also showed a negligible change compared to the value of compound 3
containing the CN group at R1 position. Compound 8 showed the LUMO level at
approximately -3.50 eV, which is about 0.1 eV lower than that of compound 3.
Therefore, the most prominent effect on the LUMO values was observed when the
number of CN group increased.

Electronic properties of compounds 1-8 obtained

experimentally are summarized in Table 1.1.

Table 1.1 Electrochemical properties of compounds 1-8 from experimental data and
theoretical calculations.
ELUMOa [eV] EHOMOb [eV] Egapc [eV] ELUMOd [eV] EHOMOd [eV] Egapd [eV]
1

-3.26

-5.67

2.41

-2.54

-5.22

2.68

2

-3.29

-5.84

2.55

-2.69

-5.53

2.84

3

-3.38

-5.88

2.50

-3.20

-5.94

2.74

5

-3.39

-5.86

2.47

-3.15

-.588

2.73

7

-3.35

-5.83

2.48

-3.08

-5.94

2.86

8

-3.50

-5.88

2.38

-3.58

-6.11

2.53

a

ELUMO = − (Eredonset + 4.8 eV), b EHOMO = ELUMO – Egap, c Optical HOMO-LUMO energy
gap, d Theoretical calculation.

Theoretical calculations were performed for comparison with experimental
LUMO levels obtained from CV and the HOMO-LUMO energy gaps obtained from UVvisible absorption spectroscopy. Optimum geometries were calculated with the density
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functional theory (DFT) at the B3LYP/6-31G* level, and HOMO and LUMO energies
were predicted by single point calculation (B3LYP/6-31+G*//B3LYP/TD-DFT 6-31G*).
Time-dependent density functional theory (TD-DFT) was also employed for the energy
gap computation (B3LYP/6-31+G*). These values are summarized and compared with
experimental results in Table 1.1.
Although there is a disparity between the experimental and theoretical energy
values, it is important to note that the focus is on the trends observed for the substituent
effects (Figure 1.9 and 1.10). By changing molecular structures, the energy values
predicted by theoretical calculations showed a more significant change than those
obtained experimentally. For example, by theoretical calculation, compound 1 showed a
noticeable increase in HOMO (∆ = + 0.31 eV ) and LUMO (∆ = + 0.15 eV ) values
compared to the values of compound 2.

However, experimental values were only

increased by 0.17 eV and 0.03 eV for HOMO and LUMO level, respectively. The
theoretical calculations also predicted that the LUMO levels would be lowered in the
order of 1 < 2 < 5 < 7 < 3 << 8 which corresponded to the order observed experimentally
except for compound 5. The introduction of the electron withdrawing CHO group to
compound 2 significantly lowered the LUMO level compared to what (∆ = - 0.10 eV )
we expected from the theoretical calculation, which was even lower than that of
compound 3. Therefore, the order experimentally obtained is 1 < 2 < 7 < 3 < 5 << 8. In
addition, the most noticeable LUMO lowering effect was observed when the number of
CN groups increased.

As expected by theory, the experimental LUMO value of

compound 3 containing one CN group at the R1 position was 0.09 eV lower than that of
compound 2 and compound 8 substituted with two CN groups showed a significant
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Figure 1.9 Theoretical HOMO (gray line) and LUMO (black line) energy levels of Tshaped bisphenazine derivatives.
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Figure 1.10 Experimental HOMO (gray line) and LUMO (black line) energy levels of Tshaped bisphenazine derivatives. HOMO energy levels were calculated using LUMO
values and HOMO-LUMO energy gaps.
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LUMO lowering effect (∆ = - 0.21 eV from 2). The LUMO lowering effect almost
doubled with an additional CN group which is also observed in the theoretical calculation
(∆ = - 0.51 eV for 3 and - 0.89 eV for 8). The result of lowering the energy gap obtained
from UV-visible absorption experiments was also in a good agreement with the
theoretical values.
In summary, the introduction of an electron-donating OCH3 group (1) to
compound 2 (R1 = H) showed a predominant increase in HOMO energy level, resulting
in a decrease in the HOMO-LUMO energy gap as shown in Figure 1.10. Electronwithdrawing groups such as CN (3) and CHO (5) influenced the HOMO energy level (∆
= - 0.04 eV for 3 and ∆ = - 0.02 eV for 5), however not as significantly as the LUMO
level (∆ = - 0.09 eV for 3 and ∆ = - 0.10 eV for 5) when compared to the values of
compound 2. This result led to a slight decrease in HOMO-LUMO energy gap. The
position of the CN group also affects the HOMO and LUMO energy levels where a
change of the CN group position from R1 (3) to R2 (7) caused an increase in HOMO (∆ =
+ 0.05 eV from 3 to 7) and LUMO values (∆ = + 0.03 eV from 3 to 7). In this case, the
energy gap between HOMO and LUMO remained almost unchanged.

The most

significant change was observed in the LUMO energy level of compound 8, when
compared to the value of compound 2. Compound 8 containing two CN group at one
phenyl ring lowered both HOMO and LUMO energy levels (∆ = - 0.04 eV in HOMO and
∆ = - 0.21 eV in LUMO), but the effect on the LUMO level was much more significant.
Therefore, compound 8 showed the smallest HOMO-LUMO energy gap among all
compounds, which was also predicted by theoretical calculation. The LUMO lowering
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effect of the CN group almost doubled when an additional CN group was added, which is
observed in both theoretical and experimental values (3 and 8).
1.4.3 Assembling Properties
1.4.3.1 Phase Transfer Assembly
Phase transfer assembly is one of the assembling methods used to grow 1D
structures using a binary solvent system, in which the molecules in solution experience a
solubility change during a slow diffusion of a poor solvent into the solution and thus the
diffusion initiates assembly. Using a phase transfer method for assembly requires a
delicate balance between good and poor solvents such that the two solvent phases should
be maintained at the nucleation stage and they should also be miscible after diffusion into
each other at the growth stage. The binary solvent mixture should have optimum polarity
to induce self-assembly of the molecule. Self-assembly of compounds 1-3 was initially
investigated through such a phase transfer method. When dichloromethane and n-hexane
were chosen as a good and poor solvent, respectively, for our system, the self-assembly
to induce a 1D nanostructure failed. This may be due to some solubility issues of the
compounds in the dichloromethane/n-hexane mixture.

Therefore, self-assembly was

finally performed with a dichloromethane/methanol binary solvent system. In this case,
the ratio between dichloromethane and methanol also plays a crucial role. If the volume
of methanol is too low, the compounds will have good solubility in the solvent mixture,
allowing for the assembled structures to be redissolved into the mixture. In contrast, too
much methanol could result in a precipitation which is not a delicate assembling process
to make well organized 1D nanostructures. We found that a 60/40 volume ratio of
dichloromethane/methanol was optimum. Typically, methanol was slowly added into a
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0.6 mM dichloromethane solution while maintaining two phases and the mixture was left
undisturbed overnight. After standing overnight, the assembled samples were collected
by removing solvent and the assembled samples were then used for further
characterization. Simple precipitates were also prepared by adding excess methanol to a
concentrated dichloromethane solution quickly for comparison with the assembled
samples. We expected that the simple precipitates will have less-ordered structures
compared to the structures assembled through a delicate phase transfer method.

Figure 1.11 SEM images of (a-c) microstrands of 2 and (d-f) nanofibers of 3.

Through a phase transfer method, compounds 2 and 3 successfully induced a 1D
assembled structure while compound 1 only produced a cloudy suspension under the
same conditions. The fact that 1 could not undergo self-assembly may be due to the free
rotation of methoxy groups, which interferes with effective molecular packing.
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The morphology of assembled structures obtained from compounds 2 and 3 was
investigated with scanning electron microscopy (SEM) and polarized optical microscopy
(POM). As shown in Figure 1.11, a remarkable morphological difference was observed
from the assembled structures. Compound 2 assembled into microscale high aspect ratio
strand-like structures while flexible nanofibers were formed from compound 3. Unlike
the microstrands of 2, the nanofibers showed a fairly homogeneous thickness distribution,
ca. 150 nm.

200µ
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µm

20µ
µm

200µ
µm

Figure 1.12 POM images of (a) microstrands of 2 (b) precipitates of 2, (c) nanofibers of
3, and (d) precipitates of 3.

The morphology of simple precipitates prepared by adding excess methanol to a
concentrated dichloromethane solution was compared with the assembled structures in
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Figure 1.12. As shown in the POM images, the precipitates had no ordered structure such
as microstrands or nanofibers.
Thermal properties of the assembled structures were investigated by differential
scanning calorimetry (DSC). In this case, control experiments were performed with
simple precipitates prepared by adding excess methanol to a concentrated
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Figure 1.13 DSC thermograms of 2. (a) 2nd heating and cooling scans of precipitates (b)
1st heating and cooling scans of microstrands.

The DSC scans from the precipitate of 2 showed two endotherms at 202.6 oC and
246.6 oC and two corresponding exotherms in Figure 1.13. These endothermic and
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exothermic transitions were reproducible over three heating and cooling cycles.
However, microstrands of 2 exhibited more complicated thermal behavior with two
additional endotherms at 109.8 oC and 136.7 oC, which were not reproducible after the
first heating. These additional endotherms indicate that self-assembly through a phase
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Figure 1.14 DSC thermograms of 3. (a) 2nd heating and cooling scans of precipitates (b)
1st heating and cooling scans of nanofibers.

In contrast, the thermal behavior of both precipitate and nanofibers assembled
from compound 3 was similar to each other, as shown in Figure 1.14. The precipitates of
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3 exhibited one endotherm at 259.5 oC and a corresponding exotherm at 228.6 oC, which
were reproducible over three heating and cooling cycles. The thermal properties of the
nanofibers of 3 were marginally different from that of the precipitate, which may indicate
similar molecular packing in both cases.
The X-ray diffraction (XRD) study was conducted on the self-assembled samples
and precipitates of compound 2 and 3 to investigate the molecular packing structure. The
XRD pattern of microstrands of 2 showed a defined pattern, indicating high crystallinity
in the sample. Our primary concern was the peak at 2θ = 25o, corresponding to a dspacing of 3.5 Å, which is characteristic of an effective π-π stacking distance.140 The
presence of a defined peak nearby 2θ = 25o indicates that the growth of microstrands by
π-π interaction is favored. However, the XRD pattern of precipitates of 2 showed only a
broad peak without any defined peak which is due to the amorphous character of the
sample. From the result, it should be noted that compound 2 can induce a well-organized
assembled structure only when a delicated condition is used for self-assembly.
Meanwhile, the XRD patterns of both nanofibers and precipitates of 3 showed a broad
peak centered at 2θ = 19o, corresponding to a d-spacing of 4.7 Å. Such a broad peak has
been reported as a stacking distance of coplanar π-conjugated polymer chains such as
poly(9,9-dioctylfluorene)141 and poly(2,7-carbazole) derivatives.142 It is interesting to
note that the peak for a typical π-π stacking distance of 3.5 Å was not observed in
nanofibers assembled from 3.
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Figure 1.15 X-ray diffraction patterns of microstrands of 2. Inset represents X-ray
diffraction patterns of precipitates of 2.
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Figure 1.16 X-ray diffraction patterns of nanofibers of 3. Inset represents X-ray
diffraction patterns of precipitates of 3.
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From this study, the valuable finding is that the assembled structures, such as
microstrands of 2 and nanofibers of 3, are driven by different intermolecular interactions.
In the case of compound 2, π-π interaction is dominant in producing rigid microstrands,
giving a well-resolved XRD pattern. On the other hand, such a crystalline XRD pattern,
with evidence for π-π interaction, is absent in the nanofibers of 3.

This dramatic

difference in assembling behavior of 3 may be attributed to the presence of the CN group
at the R1 position, which are known to have various intermolecular interactions.82-88 A
more detailed study on the effect of the CN interactions on self-assembly was performed
with compound 3.
Prior to investigating the effect of the CN group on self-assembly, π-aggregation
ability of compound 3 was studied using a concentration-dependent 1H NMR experiment
and UV-visible absorption spectroscopy under various conditions. As shown in Figure 1.
17, compound 3 adapts a planar geometry according to the theoretical calculation,
indicating that the molecule can stimulate effective intermolecular π-orbital overlap.
First of all, the π-aggregation behavior of the molecule in solution was verified
with 1H NMR at various concentrations. The protons were alphabetically named on the
molecular structure in Figure 1.16. As concentration was increased from 1 to 20 mM, the
chemical shifts of all aromatic protons showed a upfield shift by a range of 0.12-0.33
ppm as shown in Figure 1.18. In the case of aliphatic protons, only Hg, near the aromatic
π-core, showed a slight upfield shift as the solution concentration increased. The upfield
shift of all aromatic protons and the aliphatic proton near the aromatic core is due to the
shielding effects of the aromatic ring above the respective protons and indicative of
intermolecular π-π interaction.
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Figure 1.17 Molecular structure of 3 (top) and optimized geometry by B3LYP/6-31G*
calculations (bottom; hydrogen atoms were omitted for clarity).
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Figure 1.18 Concentration dependent 1H NMR spectra of 3 in CDCl3.

The self-association constant (Ka) of each aromatic proton was estimated from the
experimentally obtained concentration-dependent 1H NMR spectra for a quantitative
comparison.143,144 The proton, Hc has the highest Ka of 30.2 L/mol among other protons.
This result indicates that spontaneous assembly through π-π interaction is expected.
Nevertheless, the Ka value is still lower than structurally similar pyrazine-containing
fused aromatic compounds without t-butyl groups, implying that extensive π-aggregation
was suppressed by bulky t-butyl groups to some extent.145
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Figure 1.19 Concentration dependent 1H NMR data of 3 in CDCl3 (symbols), fitted with
the dimerization model (solid lines).

Further molecular aggregation behavior of 3 was evaluated by UV-visible
absorption spectroscopy. Compound 3 in dichloromethane solution exhibited two peaks
at 400 and 421 nm with a broad shoulder around 450 nm.

When a poor solvent,

methanol, was added to the dichloromethane solution, the peaks at 400 and 421 nm were
gradually shifted to 406 and 426 nm, respectively. In addition, the overall spectrum
became much broader with increased absorbance at 450 nm.

A similar result was

obtained from a cast film, indicating that spectral change upon adding methanol to the
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dichloromethane solution was caused by molecular aggregation rather than solvent
polarity change. These spectral changes indicate that intermolecular π-π interactions are

Absorbance

involved in the molecular aggregation.146
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Figure 1.20 UV-visible absorption spectra of 3 (a) in dichloromethane, (b) in
dichloromethane/methanol binary solvent, and (c) cast film.

To confirm that the spectral change originated from π-aggregation, we also
performed a variable temperature UV-visible absorption measurement.

First, a

suspension of 3 in N,N-dimethylformamide (DMF) was prepared by sonication. The
absorption of the suspension showed a red-shifted shoulder around 462 nm with
increased absorbance compared to that in the dichloromethane solution, as shown in
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Figure 1.21. When the suspension was heated to 50 oC, the absorption at the shoulder
became identical to the absorption in the dichloromethane solution. This result verifies
that the spectral change as observed upon the addition of poor solvent in Figure 1.20 is
due to π-aggregation.
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Figure 1.21 Variable-temperature UV-visible absorption spectra of 3. (dashed line:
suspension in DMF at 23 oC)

The absorption spectrum was recorded by cooling, which showed an increased
absorbance at the shoulder region. It should be noted that the absorption at 20 oC, after
cooling, was different from that of the DMF suspension at the beginning. This is due to
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the fact that the π-aggregates formed from the cooling process are not identical to those at
the beginning in the suspension.

Figure 1.22 SEM images of assembled structures of 3 obtained from (a) 0.1, (b) 0.3, (c)
0.5, (d) 1, (e) 2, and (f) 8 mM dichloromethane solution.

In order to investigate the effect of the CN group, self-assembly of 3 was also
accomplished under various concentrations through a phase transfer method.

The

morphological study, as a function of the concentration, was first carried out with SEM.
As shown in Figure 1.22, a clear morphological transformation was observed when the
concentration of the dichloromethane solution was increased. At 0.1 mM, short and
straight strands were formed (Figure 1.22a), whereas at higher concentrations, a fibrous
structure was formed. The transition from straight strands to flexible fibers was clearly
observed at 0.3 mM by the coexistence of the two distinctively different assembled
structures (Figure 1.22b). From 0.5 to 2 mM, the morphologies revealed entangled
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flexible nanofibers of approximately 150 nm in width, leading to twisted bundles of
fibers as shown in Figure 1.22c-e. In some cases, extreme coiling of fibers was observed.
Assembled structures from higher concentrations above 4 mM had a dense packing of
flatter fibers with less bundling (Figure 1.22f).
For a comparison with structures assembled through the phase transfer method,
crystals of compound 3 were prepared by slow evaporation of solvent from a
concentrated dichloromethane solution. Figure 1.22 shows a POM image of the crystals
of 3 which is similar with the assembled structure obtained from 0.1 mM solution (Figure
1.21a).

Figure 1.23 POM image of crystals of 3. Scale bar: 100 µm.

XRD measurements were used to investigate molecular packing of assembled
structures observed by SEM measurements. In this case, a control experiment was
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performed with crystals of 3 prepared by slow evaporation of solvent from a concentrated
dichloromethane solution for a comparison with assembled samples.
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Figure 1.24 X-ray diffraction patterns of (a) crystals of 3 and assembled structures of 3
obtained from (b) 0.1 and (c) 8 mM dichloromethane solution.
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As expected, the assembled structures having different morphologies resulted in
different XRD patterns. The XRD patterns of crystals and straight strands assembled
from a 0.1 mM solution showed well defined peaks, including the peak nearby 2θ = 24o,
corresponding to π-π stacking distance.140

However, the XRD pattern of flexible

nanofibers assembled from concentrations between 0.5 mM and 8 mM contained only a
broad peak without any peak indicating π-π interaction, as observed previously from
Figure 1.16. It is interesting to note that the peak for π-π stacking distance is absent in
flexible nanofibers unlike crystals and straight strands.
In the previous section, a dramatic morphological change from microstrands
(compound 2) to flexible nanofibers (compound 3) was observed by the introduction of
the CN group to the same π-core, indicating that the morphological change was
presumably induced by intermolecular CN interactions. More interestingly, a similar
result was also obtained through a phase transfer assembly of 3 at various solution
concentrations. We presume that there are competing leading intermolecular interactions
at differed solution concentrations: π-π and CN interactions. To explore the role of
intermolecular CN interactions in the morphological change, the assembled structures
were characterized by attenuated total reflectance (ATR) crystal (Ge) and single point
absorption micro reflectance fourier transform infrared (FT-IR) spectroscopy focusing on
the CN stretching region. As a control, a dilute CCl4 solution of compound 3 was used to
obtain a free CN stretching band. As shown in Figure 1.25a, the transmission FT-IR
spectrum of CCl4 solution showed a single sharp peak at 2230 cm-1. In the case of the
assembled structures, a significant spectral change was observed from Figure 1.25b-e.
FT-IR spectrum of the straight strands assembled from 0.1 mM solution showed a broad
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peak centered at 2230 cm-1 and a small peak at 2210 cm-1.

By increasing the

concentration to 0.5 mM, the peak at the higher frequency was slightly shifted to 2228
cm-1. The peak at 2228 cm-1 has an asymmetrical shape which could be resolved into two
different peaks at 2230 and 2225 cm-1. Two peaks at 2225 and 2210 cm-1 were observed
from the FT-IR spectrum of nanofibers assembled from a 1 mM solution. The intensity
of the peak at 2210 cm-1 was gradually increased from 0.1 mM and became almost equal
to that of the higher frequency peak at 1 mM. At concentrations higher than 1 mM, the
peak at 2210 cm-1 was shifted to 2208 cm-1. In the case of the crystal of 3, the FT-IR
spectrum exhibited an asymmetrical shaped peak at 2228 cm-1 and a small peak at 2210
cm-1, implying the existence of CN interaction to some extent (Figure 1.25f).
In summary, the FT-IR spectra of 3 showed three different peaks at 2230, 2225,
and 2210 cm-1, depending on the assembly conditions. The peak at 2230 cm-1 was
considered as a free CN stretching band from the FT-IR spectrum in CCl4 solution. For
the self-assembled structures, the free CN peak gradually shifted to 2225 cm-1 as the
solution concentration increased from 0.1 mM to 1 mM, and no further change was
observed at the concentrations above 1 mM. This indicates that the contribution of
intermolecular CN interactions becomes more significant as the solution concentration
increases from 0.1 mM to 1 mM. The increased intensity of the peak at 2210 cm-1 and
slight shift of the peak could be explained by either additional CN stretching caused by
different modes of CN interactions82,83,86-88,147 or acetylene (C≡C) stretching due to the
more asymmetric environment when CN groups are engaged in intermolecular
interactions.

In either case, it is clear that both possibilities are the result of CN

interaction.
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Figure 1.25 FT-IR spectra in the CN stretching region for (a) CCl4 solution, assembled
structures obtained from (b) 0.1, (c) 0.5, (d) 1, and (e) 8 mM dichloromethane solution,
and (f) crystals of 3. FT-IR mode: (a) transmission, (b) absorption-reflection, and (c-f)
ATR.

Combined analyses of SEM, XRD, and FT-IR suggest that the assembled
structures having different morphologies resulted from different driving forces inducing
molecular organization. The XRD patterns for the straight strands exhibited evidence of
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π-π stacking at 2θ = 25o, which is absent for the flexible nanofibers. The FT-IR spectrum
for nanofibers suggested intermolecularly interacted CN groups while a free CN
stretching band at 2230 cm-1 was mainly observed in the strands. The results support the
fact that phase transfer assembly at low concentrations or by slow solvent evaporation
allows for forming straight strands via π-π interaction while flexible nanofibers may be
grown by intermolecular CN interaction. The morphological transformation is wellmanifested by the coexistence of two different assembly morphologies at 0.3 mM. When
the fibers assembled at the concentrations below 1 mM were left undisturbed, they
rearranged to form the straight strands in a few days, indicating that the strands are
thermodynamically more stable than nanofibers. However, at concentrations equal to and
higher than 1 mM, the morphology of the fibers did not show any time dependence. This
result complies with the observation from FT-IR that showed fully developed CN
interactions at 1 mM. At concentrations beyond 4 mM, a relatively higher density of
small fibers produced 3D entanglements while trapping solvent, which prevents further
bundling, exhibiting partial gel-like behavior. In conjunction with the CN group’s ability
to tune the electronic properties of the π-core, the results demonstrate the utilization of
CN group in molecular assembly by phase transfer method.
1.4.3.2 Organogelation
The phase transfer assembly of compound 3 containing a CN group at the R1
position produced flexible nanofibers mainly through intermolecular CN interactions at
concentrations beyond 1 mM. As the solution concentration increased, partial gel-like
behavior was observed, showing a dense fiber packing. Therefore, the gelation properties
of compounds 3-8 were evaluated with various organic solvents as summarized in Table
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1.2. Since CN interaction can grow 1D fibers, we also investigated other functional
groups that can have intermolecular interactions. In order to prepare compounds 5 and 6,
we chose the CHO group at the R1 position due to its ability to induce intermolecular
hydrogen bonding. The position of the CN group was also varied from the R1 to R2 to
investigate the position effect of the CN group on organogelation properties. In addition,
two CN groups were introduced to one phenyl ring in compound 8 to examine the effect
of the number of CN groups, in comparison to compounds 3 and 7. Two different lengths
of alkyl side group, decyl and hexadecyl, were also used for the investigation of their
effect on organogelation properties.
For the gelation test, a variety of organic solvents was selected, including nonpolar, polar, aromatic, and halogenated solvents. The gelation process requires a delicate
balance between solute-solute and solute-solvent interactions. Therefore, an improper
choice of solvent results in either precipitation or dissolution after the heating and cooling
process.

Compounds 3-8 were only sparingly soluble in 1,1,2-trichloro-2,2,1-

trifluoroethane (TCTFE) and hydrocarbon solvents, while they showed good solubility in
toluene, tetrahydrofuran (THF), and carbon tetrachloride (CCl4). Interestingly, it was
found that compounds 3-6 showed similar gelation properties while compounds 7 and 8
were unable to make a gel under the same conditions used for the other compounds.
Compounds 5 and 6 formed gels in 1,1,1-trichloroethane (TCE) and CCl4 while
compounds 3 and 4 formed gels in TCE, CCl4, and also toluene. Compound 7 is very
soluble in most of the listed solvents, and thus ethyl acetate is the only solvent to gel
compound 7. Compound 8 is either insoluble or formed precipitates in the solvents listed
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in table 1.2. The critical gel concentrations (CGCs) and gelling temperature (Tgel) of the
gels were summarized in Table 1.2.

Table 1.2 Gelation properties of compounds 3-8 in various organic solventsa
solvent

3

4

5

6

7

8

cyclohexane

ppt

ppt

ppt

ppt

Ppt

NS

hexane

NS

NS

ppt

ppt

Ppt

NS

decane

ppt

ppt

ppt

ppt

Ppt

NS

hexadecane

ppt

ppt

ppt

ppt

Ppt

NS

S

ppt

S

toluene
ethyl acetate
THF

G(10) 27oC G(8) 64oC
ppt

ppt

ppt

ppt

G(2) 75 C

ppt

S

ppt

S

ppt

S

ppt

S

ppt

G(3) 25oC G(3) 45oC G(4) 40oC G(4) 60oC

TCE

ppt
o

DCE

ppt

ppt

ppt

ppt

PG

ppt

TCTFE

NS

NS

NS

NS

NS

NS

PG

G(3) 59oC

S

ppt

CCl4

G(5) 25oC G(2) 50oC

a

Abbreviations: G, gel; PG, Partial gel; ppt, precipitation upon cooling; S, soluble after
cooling; NS, not soluble. Critical Gel Concentration (CGC) is shown in parentheses
(mM). For gels, Tgel is provided.

The gels of compounds 3-6 showed similar CGCs for the same solvents.
However, it is clear that Tgel of decyl substituted compounds (4 and 6) are higher than
those with hexadecyl goups (3 and 5). This result suggests that compounds 4 and 6
containing decyl groups produced stronger gels than compounds 3 and 5 substituted with
hexadecyl groups, respectively, when the remaining molecular structures were identical.
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Interestingly, the TCE gel of compound 3, which has the lowest Tgel, was very soft and
could be easily broken by shaking. When the gel was left undisturbed for 15 minutes
after breaking, the gel was restored, showing a thixotropic gel behavior.148-151 In the case
of compound 5, gel restoration after breaking was also observed, however, it was not
reproducible. From Figure 1.26, it should be noted that the decyl substituted compounds
4 and 6 produced more opaque gels than the hexadecyl substituted compounds 3 and 5.
In addition, compounds 5 and 6, containing CHO group, showed an orange color while
the CN substituted compounds 3 and 4 showed a yellow color in the gel state.

i)

ii)

Figure 1.26 Pictures of TCE gels from (a) 3, (b) 4, (c) 5 and (d) 6, and (e) chloroform
solution of 3. i) after breaking gels and ii) turning vial upside down after standing upright
for 15 min.

Since TCE was the common gelation solvent for compounds 3-6, further
characterizations were performed with TCE gels. In the case of compound 7, an ethyl
acetate gel was used for further characterization. First, the various substituent effects
such as type, position, or number of substituents, on gelation properties of compounds 37 were examined by comparing the morphologies of the gels.

To identify the

morphology of the gels, field-emission scanning electron microscopy (FE-SEM) was
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utilized. However, it was not possible to obtain FE-SEM images from the xerogels of 3
and 5 since the limits of instrumental resolution prevent the observation of fibers from the
extremely smooth surfaces of the xerogels. Figure 1.27 showed FE-SEM images of the
xerogels of 4 and 6, where enhanced aggregation was observed from compound 6 while
compound 4 produced a flat homogeneous and smooth surface consisting of thin fibers.

Figure 1.27 FE-SEM images of the xerogels of (a) 4 and (b) 6. Scale bars: (a) 5 µm and
(b) 2 µm.

The morphological investigation was then conducted with cast films using atomic
force microscopy (AFM). Initial trials on xerogels were unsuccessful since the fibers
were too dense. Therefore, solutions with concentrations diluted 100 times from CGCs
were used for preparing cast films to isolate the fibers. The AFM images provided
detailed information on the morphology of the self-assembled structures as shown in
Figure 1.27.
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(a)

(b)

(c)

(d)

Figure 1.28 AFM images of the cast films prepared from (a) 3, (b) 4, (c) 5, and (d) 6.
Samples were prepared by drop casting the TCE solution on to silicon wafer
(concentration: 30 µM for 3 and 4, 40 µM for 5 and 6).

Compound 3 formed a 3D network of curved fibers with a relatively uniform
thickness of ca. 50 nm, which is thinner than the fibers assembled through a phase
transfer method, as shown in Figure 1.28a.

The fibers of 4 showed a randomly

distributed thickness between 50 and 200 nm, which is presumably due to fiber bundling.
In the case of compounds substituted with CHO groups, the fiber thickness was found to
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be ca. 80-90 nm for 5 and ca. 60-70 nm for 6. Unlike compounds 3 and 4, compounds 5
and 6 showed islands interconnected with fibers, which may have grown out of the
islands. Judging from the FE-SEM image (Figure 1.27b), more pronounced aggregation
may be present within the islands. These islands are likely due to radial growth involving
significant branching from the fiber nucleation sites, but further studies are required to
clarify this hypothesis. When compared Figure 1.28c and d, a higher island density and
reduced island size were observed from compounds 6. Although compound 6 produced
thin fibers as shown in Figure 1.28d, they are more rigid and thicker than the fibers of 3,
probably due to more facile decyl side group organization. In addition, the fibers are
interconnected by islands, which may contribute to the rigidity of the fiber networks. As
a result, thixotropic behavior was not observed with the compound 6.
As described from the gelation test, compound 7 containing a CN group at the R2
position formed an organogel only in ethyl acetate. The xerogel dried from the ethyl
acetate gel is composed of significantly bundled fibers, as characterized by SEM (Figure
1.29 left). Further morphological information was obtained from AFM image of the cast
film prepared from a 20 µM ethyl acetate solution, which is diluted 100 times from the
CGC. The AFM image of the cast film clearly exhibited isolated fibers with a fairly
uniform thickness of ca. 150 nm.
The intermolecular π-π interaction in the gel state was investigated with UV-visible
absorption and emission spectroscopy. A 1 mm path length cuvette was initially used to
conduct absorption studies on gels, but the absorption was beyond the instrumental
maximum. Therefore, each sample was prepared by sandwiching the gel between two
cover slides. Even with this approach, only compounds 3 and 5 showed meaningful
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absorption spectra since they formed transparent gels. Unlike these transparent gels, it
was difficult to obtain the absorption of opaque gels of compounds 4, 6, and 7 due to
significant light scattering.

Therefore, cast films were prepared from diluted TCE

solutions of 3-6 or an ethyl acetate solution of 7 to obtain absorption spectra in solidstate. Note that a fibrous structure was previously observed from the cast films prepared
for the UV-visible absorption measurements (Figure 1.28 and 1.29). Unlike UV-visible
absorption spectra, fluorescence spectra in the gel state were able to be easily obtained at
the CGC with a cuvette.

Figure 1.29 SEM image (left) of xerogel and AFM image (right) of the cast film of 7.
Inset: a picture of an ethyl acetate gel of 7.

In Figures 1.30-32, the fibers showed a red-shifted absorption maximum by 5 nm
for 3 and 5, and 8 nm for 7, compared to the absorptions observed in dichloromethane
solution. Even more significant changes were observed in the region of the longer
wavelength shoulder and absorption edge. More pronounced absorption at the shoulder
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Figure 1.30 Normalized UV-visible absorption spectra of 3 in the solution state (dashed
line) and as a fiber film (solid line).
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Figure 1.31 Normalized UV-visible absorption spectra of 5 in the solution state (dashed
line) and as a fiber film (solid line).
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Figure 1.32 Normalized UV-visible absorption spectra of 7 in the solution state (dashed
line) and as a fiber film (solid line).

around 490 nm and a significant red-shift of the absorption edge in the gel of 5 explains
the observed orange color in the gel. In the case of compound 7, unlike all other
compounds, a new well-defined peak at 490 nm was observed, which is indicative of
possible J-aggregate formation. This result indicates that well-defined intermolecular π-π
interactions are involved in forming fibers of 7.146
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Figure 1.33 Normalized fluorescence spectra of 3 in the solution state (dashed line) and
as a fiber film (solid line).

All gels showed red-shifted emission maximum compared to those in diluted
chloroform solution, which is indicative of the existence of π-π interaction in fibers. The
amount of the red-shift in the emission maximum can be correlated with the absorbance
at the edge region.

For example, compound 5 showed the largest red-shift in the

emission maximum (∆ = 31 nm) with the highest UV-visible absorbance at 500 nm.
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Figure 1.34 Normalized fluorescence spectra of 5 in the solution state (dashed line) and
as a fiber film (solid line).
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Figure 1.35 Normalized fluorescence spectra of 7 in the solution state (dashed line) and
as fiber film (solid line).
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Further XRD characterizations on xerogels were conducted to investigate
intermolecular π-π interactions.

As expected from the UV-visible absorption and

fluorescence spectra of gels, only the xerogel of compound 7 showed a defined peak at 2θ
= 26o, corresponding to a d-spacing of 3.45 Å, a typical π-π stacking distance in the XRD
patterns.140 In contrast, only a broad peak at 2θ = 19o was observed from xerogels of
compounds 3 and 5, as shown in Figure 1.36. The XRD patterns for the xerogels of
compounds 4 and 6 were identical to those of 3 and 5, respectively. The result from this
XRD pattern thus strongly indicates that intermolecular π-π interaction plays an
important role in the fiber formation in the case of 7, which is consistent with the results
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from the UV-visible absorption spectroscopy, showing a new peak at 490 nm.
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Figure 1.36 X-ray diffraction patterns of xerogels of 3, 5, and 7.
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To further investigate the role of the substituents in the gelation process, the
xerogels on a NaCl plate were characterized by FT-IR spectroscopy focusing on the CN
and carbonyl stretching regions. As a control, a dilute CCl4 solution of compound 3-7
was also used to obtain a free CN or carbonyl stretching band. In the Figure 1.37a, the
FT-IR spectrum of 3 showed a peak at 2230 and 2226 cm-1 for the CCl4 solution and the
xerogel, respectively. In the case of the xerogel, an additional peak was observed at 2210
cm-1. These spectral changes in the CN stretching region are the result of intermolecular
CN interactions in the gel state, as previously described. From Figure 1.37b, a free
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Figure 1.37 FT-IR spectra in the CN and carbonyl stretching region for CCl4 solution
(dashed line) and the xerogels (solid line) of (a) 3, (b) 5, and (c) 7. FT-IR mode:
transmission for all.
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carbonyl stretching band was observed at 1707 cm-1 in the CCl4 solution while the peak
shifted to 1704 cm-1 with an additional shoulder near 1692 cm-1 in the xerogel.152 This
result explains the involvement of intermolecular hydrogen bonding of CHO groups in
the fiber formation of 5. As shown in Figure 1.38, the result for compounds 4 and 6 were
nearly identical to those of 3 and 5, respectively. Interestingly, the CN stretching band of
7 containing a CN group at the R2 position was slightly shifted from 2231 to 2234 cm-1
without showing any additional peak in the xerogel, implying a less significant role of
intermolecular CN interactions in the gel of compound 7.
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Figure 1.38 FT-IR spectra in the CN and carbonyl stretching region for CCl4 solution
(dashed line) and the xerogels (solid line) of (a) 4 and (b) 6. FT-IR mode: transmission
for all.
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Combined analyses of SEM, AFM, UV-visible absorption and emission spectra,
XRD, and FT-IR suggest that the formation of fibers of 3-6 are driven by intermolecular
interaction between substituents at the R1 position such as CN interactions for 3 and 4, or
hydrogen bonding for 5 and 6. This is probably due to the feasibility of geometric
contact between substituents. In contrast, compound 7 containing a CN group at the R2
position produced fibers through more π-π interaction with less intermolecular CN
interactions, resulting in more rigid and thicker fibers.

1.5 Conclusions
Novel T-shaped asymmetric bisphenazine derivatives were designed and
successfully synthesized for new n-type organic semiconductors with tunable assembling
properties. By changing the type, position, and number of peripheral substituents at the
phenyl ring of the compound, the electronic properties of the bisphenazine derivatives
were effectively tuned.

The T-shaped bisphenazines had LUMO energy levels between

-3.26 and -3.50 eV depending upon the type and number of substituents. The most
significant LUMO lowering effect was observed when two CN groups were added, where
a decrease in the LUMO value doubled when increasing the number of CN groups from
one to two. In contrast, no significant change in the electronic property of the entire
system was observed as the position of the peripheral substituent was changed. Although
remote to the bisphenazine π-core, electronic properties of the peripheral substituents
such as OCH3, CN, or CHO are clearly reflected in the electronic properties of whole
system.
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Due to a planar geometry of the π-core, excellent 1D assembling ability of Tshaped asymmetric bisphenazine was shown by phase transfer assembly, and more
importantly by organogelation.

The assembled morphologies can be controlled by

peripheral substituents regardless of the size of substituents. The presence of additional
intermolecular CN interactions in the compound containing a CN group at the R1 position
allows for the formation of flexible 1D nanofibers by competing with intermolecular π-π
interactions.

In addition, the presented T-shaped bisphenazine derivatives showed

interesting organogelation properties in select organic solvents, including a thixotropic
behavior.
The findings in this dissertation give a great opportunity to control the electronic
and assembling properties through a small variance in the molecular structure. The
validated design rationale of novel T-shaped asymmetric bisphenazine has clearly been
validated which can generate 1D structures with controllable morphology.
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CHAPTER 2
ELECTRON-DEFICIENT TETRACHLORINATED PHENAZINE AND
BISPHENAZINE π-ORGANOGELATORS
2.1 General Introduction
Our primary research focuses on the development of n-type organic
semiconductors which can self-assemble into well-defined 1D nanofibers. To that
end, Chapter 1 described novel T-shaped asymmetric bisphenazines with tunable
electronic properties and self-assembling morphology control.1-3

The ease of

chemical modification to the phenyl ring at the ends of the horizontal line of the Tshaped bisphenazine provide an opportunity to tune the electronic and assembling
properties. In this case, the addition of peripheral substituents on the phenyl ring
affected electronic properties of the whole system. For example, the addition of one
cyano (CN) group at the phenyl ring lowered LUMO energy levels from -3.29 eV to 3.38 eV (∆ = ca. 0.1 eV).1 Furthermore, the LUMO energy level was found to be 3.50 eV for the T-shaped bisphenazine containing two CN groups on one phenyl ring,
which lowered the LUMO level by ca 0.2 eV when compared to T-shaped
bisphenazines without any CN group.2

Although remotely located from the

bisphenazine core, affects on electronic properties of the peripheral substituents were
clearly reflected in the electronic properties of the whole conjugated system. If that is
the case, the key question is how much the substituents can affect electronic
properties of the system when the substituents are directly connected to the π-cores.
Most studies have shown that electron deficiency for n-type characteristics can
be achieved by substitution with a strong electron withdrawing group such as fluorine
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(F) or CN groups in π-conjugated moleucules.4-24

However, compared to the

abovementioned substituents with electron withdrawing groups, chlorination has been
explored less as an apporach to create n-type organic semiconductors. Recent studies
showed that despite the relatively low electronegativity of the chlorine (Cl) atoms,
chlorinated molecules typically have a lower LUMO energy level than their
fluorinated counterparts.25-27

This result enables Cl to be a viable choice as a

substituent to prepare n-type organic semiconductors.

In addition, synthetic

accessibility and cost effectiveness makes Cl an outstanding candidate to increase the
electron affinity to produce n-type organic semiconductors.

For example, the

introduction of F to phenazine and bisphenazine will apparently lower LUMO energy
of the system.

However, a key intermediate for the synthesis of tetrafluorinated

phenazine and bisphenazine, 1,2-diamino-3,4,5,6-tetrafluorobenzene, requires 5
synthetic steps

with

low

yield.28

On

the

contrary,

1,2-diamino-3,4,5,6-

tetrachlorobenzene requires only two steps from commercially available 1,2,3,4tetrachlorobenzene. A few examples have demonstrated n-type device performance
of

chlorinated

organic

semoconductors

based

on

perylendiimides,26,29,30

phthalocyanine,31 or acene.25 However, to the best of our knowledge, assembling
properties of the chlorinated compounds have not yet been extensively explored.
In this work, novel tetrachlorinated phenazines and bisphenazines were
designed to create n-type organic semiconductors with assembling properties.
Previous studies on phenazines and bisphenazines have demonstrated that slight
structural modification of the π-cores can have a remarkable influence on both
electronic properties and molecular arrangement, resulting in morphological changes
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of the assembled structures.32-34

Especially, certain 2,3-dialkoxy substituted

phenazines and bisphenazines containing acetylene groups at the π-core have
exhibited
Therefore,

interesting
both

organogelation behaviors

electronic

properties

and

with acid-sensing

self-assembling

ability.33,35

ability

through

organogelation will be investigated with the tetrachlorinated compounds. The first
portion of this chapter describes synthesis of the tetrachlorinated phenazines and
bisphenazines. In addition, electronic properties of the tetrachlorinated compounds
based on UV-visible absorption and emission spectra and cyclic voltammograms in
solution state. The second portion of this chapter then demonstrates self-assembling
ability through organogelation. Gelation ability, depending on the different length of
alkyl side groups and different π-cores, will also be described with polarized optical
microscopy, scanning electron microscopy, UV-visible absorption and emission
spectroscopy, and X-ray diffraction patterns.

2.2 Molecular Design
The molecular structures of tetrachlorinated phenazine and bisphenazine are
shown in Figure 2.1. In this research, phenazine and bisphenazine were chosen as a πplatform due to its electron-deficiency and assembling ability. Note that phenazine is a
planar heteroaromatic molecule like such a bisphenazine. However, phenazine without
bulky t-butyl groups may provide more efficient π-orbital overlap during self-assembling
process compared to bisphenazine.

The design strategy of this research adapts an

asymmetric π-core substituted with non-identical side groups.

In phenazine and

bisphenazine, one side of the π-core is substituted with four Cl atoms while the other side
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is modified with solubilizing alkyl groups. The alkyl side groups are varied from decyl to
hexadecyl groups so that their alkyl length effect on the assemblies can be investigated.

Cl
Cl
Cl

N

OR

N

OR

Cl

Tetrachlorinated Phenazine

Cl
Cl

N

N

OR

Cl

N

N

OR

Cl

Tetrachlorinated Bisphenazine

Figure 2.1 Structure of tetrachlorinated phenazine and bisphenazine

2.3 Experiments
2.3.1 Instrumentation
Nuclear magnetic resonance (NMR) spectra were obtained with a Varian Gemini
400 MHz spectrometer at room temperature. Deuterated chloroform (CDCl3) containing
tetramethylsilane (TMS) as an internal standard was used as the solvent for both 1H NMR

89

and 13C NMR. The low resolution (LR)–ESI and LR-APCI mass spectra were recorded
at the University of Illinois at Chicago.

Optical properties of the molecules were

obtained with Shimadzu UV-2450 UV-visible spectrophotometer. Samples for absorption
measurements in gel state were prepared by sandwiching the gels between cover slides.
The absorption spectra obtained from the organogels were then compared to that in
chloroform solution. Fluorescence spectra were obtained on a Horiba Fluorescencemeter
using a xenon lamp as the excitation source for emission. Fluorescence spectra in gel
state were obtained with a 3 mm path length cuvette by changing an excitation slit width.
The fluorescence spectra obtained from the organogels were then compared to that in
chloroform solution.

Electrochemistry measurements were performed using cyclic

voltammetry (CV) on a CH Instrument 660C with a three electrode configuration: a cell
equipped with a platinum plate as the counter electrode, a platinum disc (2 mm diameter)
as the working electrode, and a nonaqueous Ag/Ag+ electrode (Ag in 10 mM AgNO3
solution in acetonitrile) as the reference electrode. CV measurements for all compounds
were recorded in a dichloromethane solution containing 0.1 M tetrabutylammonium
hexafluorophosphate (TBAPF6) as the supporting electrolyte. All solutions were purged
with argon gas for 15-20 minutes before each experiment, and a positive pressure of
argon flow was maintained over the sample solution during the experiments. The scan
rate (ν) for all experiments was adjusted to 100 mV/s. All potentials were reported
relative to the ferrocene/ferrocenium (Fc/Fc+) redox couple which was used as an internal
standard. Scanning electron microscope (SEM) images were obtained by JSM-5600.
Organogels were transferred onto a gold/mica substrate, followed by air drying. The
dried samples were coated with gold prior to the SEM imaging. Accelerating voltages
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and working distances are specified with each image. X-ray diffraction (XRD) analyses
were carried out on X’Pert PRO PANalytical diffractometer at 25 oC using Cu-Kα
radiation (λ = 1.54 Å, 45 KV, 40 mA).

Organogels for XRD measurements were

transferred onto a zero background plate and the solvent was evaporated under ambient
conditions.
2.3.2 Synthetic Procedures
All chemicals and solvents were purchased from commercial sources and used as
received without further purification.

Intermediate 2,7-di-tert-butylpyrene-4,5,9,10-

tetraone,36 1,2-bisalkoxy-4,5-diaminobenzene,37 and 1,2-diamino-3,4,5,6-tetrachlorobenzene27,38 were synthesized according to previously reported procedures. The target
molecules were prepared by the procedure shown in section 2.4.1 (Scheme 2.1 and 2.2).
Chemical structures of all compounds were confirmed by 1H NMR, 13C NMR, and mass
spectrometry.
Compound P1 1,2-Diamino-3,4,5,6-tetrachlorobenzene (385 mg, 1.57 mmol)
was dissolved in 30 mL absolute ethanol. 2,5-Dihydroxy-1,4-benzoquinone (220 mg,
1.57 mmol) was added at once and the mixture was refluxed for 24 hours under a positive
N2 flow. After evaporating the solvent, without purification of the intermediate, the
crude solid was dissolved in 30 mL N,N-dimethylformamide (DMF), followed by
addition of potassium carbonate (K2CO3) (760 mg, 5.50 mmol). Then bromodecane
(0.98 mL, 4.71 mmol) was added and the mixture was maintained at 60 ˚C. During
reaction, same amount of K2CO3 and bromodecane was added twice by following TLC
result for 5 days with continuous stirring. The mixture was cooled to room temperature
and poured into water, filtered and washed thoroughly with water. The organic layer was

91

dried over sodium sulfate (Na2SO4), and the remaining solvent, after filtration, was
evaporated under reduced pressure. The crude product was purified by silica gel column
chromatography (eluent: dichloromethane/n-hexane 1/2). The pure product was obtained
as a yellow solid. (Two-step yield: 12%). 1H NMR (CDCl3) δ 7.45 (s, 2H), 4.25 (t, 4H, J
= 6.6 Hz), 1.97 (m, 4H), 1.5-1.2 (m, 28H), 0.89 (t, 6H, J = 6.8 Hz). 13C NMR (CDCl3) δ
156.14, 142.54, 137.16, 132.01, 130.80, 105.46, 69.75, 31.93, 29.61, 29.57, 29.35, 29.33,
28.71, 26.00, 22.70, 14.12. [M]+: Calcd 628.22; Found 628.39.
Compound P2 1,2-Diamino-3,4,5,6-tetrachlorobenzene (360 mg, 1.46 mmol)
was dissolved in 30 mL of absolute ethanol. 2,5-Dihydroxy-1,4-benzoquinone (185 mg,
1.32 mmol) was added at once and the mixture was refluxed for 24 hours under a positive
N2 flow. After evaporating the solvent, without purification of the intermediate, the
crude solid was dissolved in 10 mL N,N-dimethylformamide (DMF), followed by
addition of potassium carbonate (K2CO3) (638 mg, 4.61 mmol). Then bromoundecane
(0.89 mL, 3.95 mmol) was added and the mixture was maintained at 60 ˚C for 36 hours.
The mixture was cooled to room temperature and poured into water, filtered and washed
thoroughly with water. The organic layer was dried over sodium sulfate (Na2SO4), and
the remaining solvent, after filtration, was evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography (eluent: dichloromethane/nhexane 1/4). The pure product was obtained as a yellow solid. (Two-step yield: 32%).
1

H NMR (CDCl3) δ 7.45 (s, 2H), 4.25 (t, 4H, J = 6.6 Hz), 1.96 (m, 4H), 1.54 (m, 4H),

1.48-1.2 (m, 28H), 0.88 (t, 6H, J = 6.6 Hz). 13C NMR (CDCl3) δ 156.18, 142.61, 137.24,
132.07, 130.83, 105.50, 69.77, 31.94, 29.66, 29.62, 29.61, 29.38, 29.33, 28.71, 26.00,
22.70, 14.12. [M+H]+: Calcd 657.25; Found 657.1.
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Compound P3 1,2-Diamino-3,4,5,6-tetrachlorobenzene (385 mg, 1.57 mmol)
was dissolved in 20 mL of absolute ethanol. 2,5-Dihydroxy-1,4-benzoquinone (220 mg,
1.57 mmol) was added at once and the mixture was refluxed for 24 hours under a positive
N2 flow. After evaporating the solvent, without purification of the intermediate, the
crude solid was dissolved in 10 mL N,N-dimethylformamide (DMF), followed by
addition of potassium carbonate (K2CO3) (760 mg, 5.50 mmol). Then bromohexadecane
(1.44 mL, 4.71 mmol) was added and the mixture was maintained at 60 ˚C for 2 days.
The mixture was cooled to room temperature and poured into water, filtered and washed
thoroughly with water. The organic layer was dried over sodium sulfate (Na2SO4), and
the remaining solvent, after filtration, was evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography (eluent: dichloromethane/nhexane 1/4). The pure product was obtained as a yellow solid. (Two-step yield: 15%).
1

H NMR (CDCl3) δ 7.45 (s, 2H), 4.25 (t, 4H, J = 6.6 Hz), 1.96 (m, 4H), 1.54 (m, 4H),

1.48-1.2 (m, 48H), 0.88 (t, 6H, J = 6.6 Hz). 13C NMR (CDCl3) δ 156.19, 142.62, 137.25,
132.07, 130.84, 105.50, 69.77, 31.94, 29.73, 29.71, 29.68, 29.62, 29.61, 29.38, 29.32,
28.71, 26.00, 22.70, 14.12 (3 aliphatic peaks not seen due to overlapping signals).
[M+H]+: Calcd 797.40; Found 797.3.
Compound P4 1,2-Diamino-3,4,5,6-tetrachlorobenzene (678 mg, 2.76 mmol)
was dissolved in 20 mL of absolute ethanol. 2,5-Dihydroxy-1,4-benzoquinone (386 mg,
2.76 mmol) was added at once and the mixture was refluxed for 24 hours under a positive
N2 flow. After evaporating the solvent, without purification of the intermediate, the
crude solid was dissolved in 20 mL N,N-dimethylformamide (DMF), followed by
addition of potassium carbonate (K2CO3) (1.33 g, 9.65 mmol). Then bromohexane (1.17
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mL, 8.27 mmol) was added and the mixture was maintained at 60 ˚C for 24 hours. The
mixture was cooled to room temperature and poured into water, filtered and washed
thoroughly with water. The organic layer was dried over sodium sulfate (Na2SO4), and
the remaining solvent, after filtration, was evaporated under reduced pressure. The crude
product was purified by silica gel column chromatography (eluent: dichloromethane/nhexane 1/3). The pure product was obtained as a yellow solid. (Two-step yield: 28%). 1H
NMR (CDCl3) δ 7.45 (s, 2H), 4.25 (t, 4H, J = 6.6 Hz), 1.97 (m, 4H), 1.55 (m, 4H), 1.461.3 (m, 8H), 0.93 (t, 6H, J = 7.0 Hz).

13

C NMR (CDCl3) δ 156.18, 142.60, 137.23,

132.06, 130.83, 105.49, 69.77, 31.48, 28.67, 25.66, 22.58, 14.00. [M+H]+: Calcd 517.09;
Found 517.1.
Intermediate A To a solution of 2,7-di-tert-butylpyrene-4,5,9,10-tetraone in
chloroform and acetic acid, or 1,2-dihexadecyloxy-4,5-diaminobenzene was added, and
the reaction mixture was refluxed for 2 hours. After cooling it to room temperature, the
reaction mixture was extracted with water to remove acetic acid, and the organic layer
was neutralized by 10 % aqueous sodium hydroxide (NaOH) solution. The organic layer
was dried over sodium sulfate (Na2SO4), and the remaining solvent, after filtration, was
evaporated under reduced pressure. The crude product was purified by silica gel column
chromatography (eluent: dichloromethane/n-hexane 1/1 to dichloromethane) to give the
pure product as a yellow solid (73 % yield). 1H NMR (CDCl3) δ 9.52 (d, 2H, J = 2 Hz),
8.51 (d, 2H, J = 2 Hz), 7.42 (s, 2H), 4.25 (t, 4H, J = 6.6 Hz), 2.01 (m, 4H, J = 7.0 Hz),
1.58 (s, 18H), 1.5-1.2 (m, 52H), 0.88 (t, 6H, J = 6.8 Hz).

13

C NMR (CDCl3) δ 180.80,

154.21, 152.27, 140.46, 139.09, 130.90, 130.14, 129.68, 129.38, 127.87, 106.86, 69.59,

94

35.82, 32.17, 31.52, 29.98, 29.92, 29.90, 29.66, 29.62, 29.14, 26.34, 22.94, 14.37.
[M+H]+: Calcd 927.69; Found 927.7.
Compound BP1 2,7-Di-tert-butylpyrene-4,5,9,10-tetraone (200 mg, 0.53 mmol)
was suspended in 40 mL chloroform and 10 mL acetic acid. To that mixture 1,2bisdecyloxy-4,5-diaminobenzene (202 mg, 0.48 mmol) was added at once. The reaction
mixture was refluxed under a positive N2 flow. After 3 hours, without any purification,
1,2-diamino-3,4,5,6-tetrachlorobenzene (156 mg, 0.59 mmol) was added to the
intermediate A solution in chloroform/acetic acid.

The mixture was refluxed for

additional 12 hours under a positive N2 flow. After cooling it to room temperature, the
reaction mixture was extracted with water and 10% aqueous sodium hydroxide (NaOH)
solution. The organic layer was dried over anhydrous sodium sulfate (Na2SO4), and
filtered with hot chloroform. The remaining solvent, after filtration, was removed under
vacuum. The crude product was purified by silica gel column chromatography (eluent:
dichloromethane/n-hexane 1/2) to give the pure product as a yellow solid (Two-step
yield: 40%). 1H NMR (CDCl3) δ 9.76 (d, 2H, J = 2.0 Hz), 9.72 (d, 2H, J = 2.0 Hz), 7.56
(s, 2H), 4.31 (t, 4H, J = 6.8 Hz), 2.02 (m, 4H), 1.76 (s, 18H), 1.61 (m, 4H), 1.52-1.2 (m,
24H), 0.90 (t, 6H, J = 6.8 Hz).

13

C NMR (CDCl3) δ 153.47, 150.87, 144.08, 140.04,

139.94, 137.60, 133.20, 131.65, 129.84, 127.92, 125.41, 125.07, 124.42, 106.84, 69.26,
35.84, 31.97, 31.82, 29.69, 29.64, 29.48, 29.41, 28.98, 26.13, 22.72, 14.15. [M+H]+:
Calcd 995.43; Found 995.3.
Compound BP2 The intermediate A (340 mg, 0.432 mmol) was dissolved in 16
mL chloroform and 4 mL acetic acid.

To that solution, 1,2-diamino-3,4,5,6-

tetrachlorobenzene (128 mg, 0.52 mmol) was added at once. The reaction mixture was
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refluxed for 12 hours under a positive N2 flow. After cooling it to room temperature, the
reaction mixture was extracted with water and 10% aqueous sodium hydroxide (NaOH)
solution. The organic layer was dried over anhydrous sodium sulfate (Na2SO4), and
filtered with hot chloroform. The remaining solvent, after filtration, was removed under
vacuum. The crude product was purified by silica gel column chromatography (eluent:
dichloromethane/n-hexane 1/2) to give the pure product as a yellow solid (yield: 87%).
1

H NMR (CDCl3) δ 9.77 (d, 2H, J = 2.4 Hz), 9.74 (d, 2H, J = 2.0 Hz), 7.58 (s, 2H), 4.32

(t, 4H, J = 6.8 Hz), 2.02 (m, 4H), 1.76 (s, 18H), 1.61 (m, 4H), 1.52-1.2 (m, 28H), 0.90 (t,
6H, J = 7.0 Hz).

13

C NMR (CDCl3) δ 153.39, 150.79, 143.99, 139.97, 139.85, 137.53,

133.12, 131.60, 129.78, 127.86, 125.32, 125.05, 124.36, 106.78, 69.23, 35.84, 31.97,
31.83, 29.72, 29.70, 29.50, 29.42, 28.98, 26.14, 22.73, 14.15 (1 aliphatic peak not seen
due to overlapping signals). [M+H]+: Calcd 995.43; Found 995.3.
Compound BP3 The intermediate A (296 mg, 0.319 mmol) was dissolved in 20
mL chloroform and 5 mL acetic acid.

To that solution, 1,2-diamino-3,4,5,6-

tetrachlorobenzene (80 mg, 0.325 mmol) was added. The reaction mixture was refluxed
overnight under a positive N2 flow. After cooling it to room temperature, the reaction
mixture was extracted with water and 10% aqueous sodium hydroxide (NaOH) solution.
The organic layer was dried over sodium sulfate (Na2SO4), and filtered with hot
chloroform. The remaining solvent, after filtration, was removed under vacuum. The
crude

product

was

purified

by silica

gel

column

chromatography (eluent:

dichloromethane/n-hexane 1/3) to give the pure product as a yellow solid (yield: 67%).
1

H NMR (CDCl3) δ 9.78 (d, 2H, J = 2 Hz), 9.75 (d, 2H, J = 2 Hz), 7.59 (s, 2H), 4.33 (t,

4H, J = 6.8 Hz), 2.03 (m, 4H), 1.76 (s, 18H), 1.61 (m, 4H), 1.5-1.2 (m, 48H), 0.88 (t, 6H,
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J = 7 Hz).

13

C NMR (CDCl3) δ 153.43, 150.82, 144.03, 140.00, 139.89, 137.56, 133.15,

131.62, 129.80, 127.88, 125.36, 125.05, 124.38, 106.81, 69.24, 35.83, 31.95, 31.82,
29.77, 29.75, 29.70, 29.49, 29.39, 28.98, 26.14, 22.71, 14.13 (5 aliphatic peaks not seen
due to overlapping signals). [M+H]+: Calcd 1134.58; Found 1135.6.
2.3.3 Cast Film Preparation
Each compound was dissolved in dichloromethane filtered through a 0.2 µm
PTFE filter, and the solution was drop-cast onto a clean cover slide surface. Then, it was
left undisturbed for several minutes, until the solvents evaporated.
2.3.4 Organogelation
The suspension of a weighed amount of each compound in an organic solvent was
heated in a screw-cap vial until the solid dissolved and then cooled to room temperature.
Gelation was considered successful if no flow was observed upon inverting the vial.
2.3.5 Gelling Temperature (Tgel)
The gelling temperatures (Tgel) of gels were determined using the ‘inverse flow’
method.39 Gels were formed and placed upside down in a temperature regulated water
bath. The temperature of water was slowly increased and monitored. The temperature at
which the gel fell from the bottom of the vial was taken as Tgel for that sample.
2.3.6 Single Crystal Growth
The suspension of compound P4 in n-hexane was heated in a screw-cap vial until
the solid dissolved. After cooling, it formed aggregates. Then, dichloromethane was
added into the vial until the aggregates redissolved. The vial was left undisturbed with a
vent for slow solvent evaporation. After a few days, straight needles were observed at
the bottom.
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2.4 Result and Discussions
2.4.1 Synthesis
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Scheme 2.1 Synthetic routes to tetrachlorinated phenazine derivatives, P1-P4

The intermediate, 1,2-diamino-3,4,5,6-tetrachlorobenzene was synthesized
following reported procedures.27,40,41

From commercially available 1,2,3,4-

tetrachlorobenzene, 1,2-diamino-3,4,5,6-tetrachlorobenzene was obtained by nitration
using fuming nitric acid and concentrated sulfuric acid, followed by reduction with
iron under acidic conditions. After reduction, the diamino tetrachlorobenzene was
used immediately, without any structural characterization, for the next reaction due to
its instability.
The route to the preparation of the target tetrachlorinated phenazines P1-P4 is
described in Scheme 2.1. The phenazines were prepared by a two-step reaction:
cyclization

of

1,2-diamino-3,4,5,6-tetrachlorobenzene
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and

2,5-dihydroxy-1,4-

benzoquinone, followed by Williamson ether synthesis.

After cyclization, the

dihydroxyphenazine intermediate could not be purified by column chromatography
owing to the strong interaction between OH groups and the silica gel. The crude
product was subjected to Williamson ether synthesis with bromoalkanes to yield the
final products.
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BP1: n = 9
BP2: n = 10
BP3: n = 15

Cl

Scheme 2.2 Synthetic routes to tetrachlorinated bisphenazine derivatives, BP1-BP3.

The synthetic procedure of the target tetrachlorinated bisphenazine BP1-BP3
is described in Scheme 2.2.

Both stepwise cyclization and sequential addition

cyclization were tested to synthesize BP1. As described in the previous chapter, the
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yield for first cyclization product of 2,7-di-tert-butylpyrene-4,5,9,10-tetraone and 1,2diamino-4,5-didecyloxy-benzene was reasonable (69 %).

However, subsequent

cyclization with 1,2-diamino-3,4,5,6-tetrachlorobenzene led to a relatively low yield
(48 %). In the case of a sequential addition cyclization, the two-step yield was 40 %,
which is higher than that for a stepwise cyclization (33 %), with the least number of
purification steps.

As a result, BP1 was synthesized by a sequential addition

cyclization of 2,7-di-tert-butylpyrene-4,5,9,10-tetraone, 1,2-dialkoxy-4,5-diaminobenzene, and 1,2-diamino-3,4,5,6-tetrachlorobenzene. In contrast, BP2 and BP3 were
obtained by a stepwise cyclization.

After the first cyclization, intermediate A,

containing solubilizing alkyl groups, was obtained with 54 % and 73 % yield for the
compound containing undecyl and hexadecyl group, respectively.
cyclization

from

intermediate

A

and

The subsquent

1,2-diamino-3,4,5,6-tetrachlorobenzene

generated a relatively high yield, 87 % and 67 % for BP2 and BP3, respectively.
Note that we are unable to prepare a bisphenazine containing hexyloxyl groups. This
is due to the instability of 1,2-bishexyloxy-4,5-diaminobenzene, one of the reaction
intermediates.
2.4.2 Physical Properties
2.4.2.1 Optical Properties
Optical properties of the tetrachlorinated compounds are provided in Figure
2.2. The absorption and emission properties are unaffected by the length of alkyl side
groups, and therefore only one example from each phenazine and bisphenazine
compounds are presented in this dissertation. The UV-visible absorption spectra were
obtained from 10-5 and 5 × 10-6 M chloroform solutions of P3 and BP3, respectively.
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Figure 2.2 Normalized UV-visible absorption spectra of P3 (solid line) and BP3
(dashed line) in chloroform solution.

The UV-visible absorption spectra shown in Figure 2.2 have been normalized
at the absorption maxima of each compound for comparison. The absorption edge
can be correlated to the HOMO-LUMO energy gap. This will be discussed in
conjuction with electrochemical properties of the compounds. In the chloroform
solution, P3 showed the absorption maximum at 411 nm while BP3 exhibited a redshifted absorption peak at 421 nm from P3, as a result of the extension of the π-core.
The absorptions at each peak were shown to be intrinsic to the molecules rather than
molecular aggregation by Beer’s law (Appendix Section 7). In the case of P3,
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tetrachlorination led to a red-shiftedabsorption peak (∆ = + 17 nm) when compared
to phenazine without any Cl atoms.31 Compound BP3 also showed an additional
shoulder centered at ca. 455 nm which orginates from the chlorination. Note that the
bisphenazine without any Cl substituents does not show such a shoulder.33 With an
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Figure 2.3 Normalized fluorescence spectra of P3 (solid line) and BP3 (dashed line)
in chloroform solution. Exctation wavelength for P3 and BP3: 410 and 421 nm,
respectively.

increased size of the π-core, a red-shifted absorption edge was observed. As a result,
HOMO-LUMO energy gaps were 2.77 and 2.48 eV for P3 and BP3, respectively,
calculated from the absorption edges. Based on the previous results, it was also
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observed that the absorption edge was shifted to longer wavelengths by chlorination,
which results in a decrease in the HOMO-LUMO energy gap.31,33

The

tetrachlorination lowered HOMO-LUMO energy gaps by 0.14 eV and 0.26 eV for P3
and BP3, respectively, when compared to unsubstituted versions.27
The fluorescence spectra were obtained from a 10-6 and 10-8 M chloroform
solution of P3 and BP3, respectively. The fluorescence spectra shown in Figure 2.3
have been also normalized at the emission maxima of each compound for comparison.
The emission maximum of P3 was 473 nm (excitation at 410 nm) while BP3 showed
red-shifted emission at 523 nm (excitation at 421 nm).
2.4.2.2 Electrochemical Properties
The electrochemical properties of tetrachlorinated heteroaromatic compounds
were investigated using cyclic voltammetry in dichloromethane solution.

The

potential associated with the first reduction peak is directly related to the LUMO
energy level of the compounds. Thus, the onset of the first reduction peak was
measured to calculate the LUMO level. The LUMO level was calculated relative to
the ferrocene’s oxidation potential of -4.8 eV with respect to the vacuum level. In
this manner, the onset of the first oxidation peak can be also used to calculate the
HOMO energy level of the compounds. However, the first oxidation potentials of the
compounds were unable to be determined within the characterized potential window
because of irreproducibility of the oxidation potentials and overlap with the solvent
background peak. Therefore, HOMO levels can be estimated from the LUMO level
in combination with the HOMO-LUMO energy gap derived from the UV-visible
absorption spectra.
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From Figures 2.4 and 2.5, the LUMO energy levels were found to be -3.35eV
for P3 and -3.41eV for BP3, with respect to vacuum. The tetrachlorination lowered
LUMO energy levels by 0.37 eV and 0.29 eV for P3 and BP3, respectively, when
compared to unsubstituted versions.27,31,33

The estimated HOMO values from

HOMO-LUMO energy gaps were 6.18 eV for P3 and 5.89 eV for BP3. This is very
interesting result since direct chlorination to the π-core lowered LUMO energy levels
more effectively than peripheral substitution in T-shaped bisphenazines, as described
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in Chapter 1.
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Figure 2.4 Cyclic voltammogram for the reduction of P3. Scan rate = 100 mV/s.
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Figure 2.5 Cyclic voltammogram for the reduction of BP3. Scan rate = 100 mV/s.

2.4.3 Assembling Properties
2.4.3.1 Cast Film
To test the assembling capability, cast films of tetrachlorinated heteroaromatic
compounds were prepared by slow evaporation of solvent on cover slides. These
films were characterized by polarized optical microscopy (POM) as shown in Figure
2.6 and 2.7.
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Figure 2.6 POM images of cast films of (a) P1, (b) P2,, and (c) P3.

Initial investigation on the self
self-assembling
assembling ability of the phenazines indicated
that all phenazines (P1-33)) are potential candidates for gelation as manifested by POM
images of cast films.. Although the cast films of phenazines, prepared by a slow
evaporation of dichloromethane solutions, were not homogeneous, long fibers and
their network structures were easily found from the films (Figure 2.6).

Figure 2.7 POM images of cast films of (a) BP1, (b) BP2,, and (c) BP3.
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Meanwhile, bisphenazines (BP1-3) produced a network of rather curved fibers
in Figure 2.7. This result demonstrates the tendency of bisphenazines to assemble
into more flexible and entangled fibers when compared to phenazines.

The

morphological difference between the phenazine and bisphenazine compounds may
result from the different molecular packing structure.
2.4.3.2 Organogelation
Our primary interest in self-assembly of the compounds is if they can form
organogels, which is a facile and reproducible way for 1D fiber formation.42-46
Therefore, we tested their gelation properties in various organic solvents.

As

summerized in Table 2.1, a variety of solvents including nonpolar, polar, aromatic,
and halogenated solvents were used for the test. In the case of the tetrachlorinated
phenazines, only P3 gelled in 1,1-dichloroethane (DCE), while all the bisphenazines
formed gels in at least one solvent. In the solvents used for the gelation test, P1 and
P2 may not have the necessary balance between gelator-gelator and gelator-solvent
interactions to form a gel. As a result, P1 and P2 were either soluble or formed
precipitates in the tested solvent after cooling to room temperature. The critical gel
concentration (CGC) of the DCE gel of P3 was 8 mM and the gelling temperature
(Tgel) was 50 oC. In the case of the bisphenazine series, all compounds formed a gel
in 1,1,1-trichloroethane (TCE).

Compound BP1, substituted with decyloxy side

groups, also gelled in tetrahydrofuran (THF). The gel formation of BP2 containing
undecyloxy groups was observed in THF, DCE, and carbon tetrachloride (CCl4) in
addition to TCE. The CGC and Tgel of each gel are presented in Table 2.1.
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Table 2.1 Gelation properties of compounds Ps and BPs in various organic solventsa
solvent

P1

P2

P3

BP1

BP2

BP3

cyclohexane

ppt

ppt

ppt

PG

PG

PG

hexane

ppt

ppt

ppt

NS

NS

NS

decane

ppt

ppt

ppt

ppt

ppt

ppt

hexadecane

ppt

ppt

ppt

ppt

ppt

ppt

S

S

S

ppt

ppt

ppt

ppt

ppt

ppt

ppt

ppt

ppt

THF

S

S

S

TCE

S

S

ppt

DCE

ppt

ppt

G(8) 50oC

PG

G(10) 85oC

ppt

TCTFE

ppt

ppt

ppt

NS

NS

NS

S

S

S

PG

G (10) 56oC

ppt

ethanol

ppt

ppt

ppt

NS

NS

NS

propanol

ppt

ppt

ppt

NS

NS

NS

toluene
ethyl acetate

CCl4

G(10) 29oC G(5) 65oC

ppt

G(3) 39oC G(4) 36oC G(5) 60oC

a

Abbreviations: G, gel; PG, Partial gel; ppt, precipitation upon cooling; S, soluble after
cooling; NS, not soluble. Critical Gel Concentration (CGC) is shown in parentheses
(mM). For gels, Tgel is provided.

The morphological study of the obtained gels was carried out with scanning
electron microscopy (SEM). The gel was transfered onto a clean gold/mica substrate
and the solvent was slowly evaporated to make a dried gel (xerogel) for SEM
experiments. Since TCE was the common gelation solvent for all bisphenazines, TCE
gels were used for further characterization of all bisphenazines while a DCE gel was
used for P3.
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Figure 2.8 SEM images of the xerogels of (a) P3 and (b) BP3.

As shown in Figure 2.8, a clear morphological difference was observed
between the xerogels of P3 and BP3. Note that the xerogels of BP1 and BP2 showed
similar morphologies as that of BP3. Therefore, SEM images of the xerogels of BP1
and BP2 are provided in Appendix (Section 8). Gelation of P3 produced microbelts
with a randomly distributed width between 0.2 and 0.7 µm. The microbelts possessed
a layered structure showing bundles of different widths.

In the case of

tetrachlorinated bisphenazines, more extensive entanglement of thinner and more
flexible fiber bundles were obsesrved. A relatively uniform thickness of ca. 100 nm
was measured from the bundles while a single fiber thickness was unable to be
characterized from the SEM images due to the instrumental resolution limitation.
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Figure 2.9 Normalized UV-visible absorption spectra of P3 in chloroform solution
(dashed line) and as a DCE gel (solid line).

The UV-visible absorption spectra of P3 and BP1-3 in chloroform solution
and in the gel state were compared to assess the intermoelcular interactions involved
in the gelation. The sample for UV-visible absorption measurement was prepared by
sandwiching the gels between cover slides.

For comparison, the spectra were

normalized at the absorption maximum for each spectrum.
The spectrum of compound P3 in chloroform solution has an absorption
maxima at 393 and 410 nm which is a red-shifted from phenazine without any Cl
atoms (λmax = 375 and 394 nm) due to tetrachlorination. The absorption spectrum of
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the DCE gel became much broader than that in solution. In addition, a shoulder at
432 nm was observed which was absent in the chloroform solution in Figure 2.9. In
the case of the BP3, as shown in Figure 2.10, the absorption spectrum in chloroform
solution has two peaks at 400 and 421 nm originating from the bisphenazine core and
a shoulder at 450 nm arising from tetrachlorination. The TCE gel of BP3 showed a
red-shift in the absorption maxima to 409 and 432 nm.

In addition, a more

pronounced red shifted shoulder at ca. 480 nm was observed. Other bisphenazine gels
showed similar absorption features as provided in Appendix (Section 9 and 10).
Those spectral changes in both P3 and all bisphenazine compounds BP1-3 indicate
the presence of intermolecular π-π interactions in the gel state, especially a J-type
aggregate formation.47
Gels of P3 and all bisphenazine compounds also showed strong fluorescence.
We measured fluorescence in both solution and the gel state for comparison. In the
case of P3, in chloroform solution at the same concentration as the DCE gel (8 mM),
the fluorescence maximum was observed at 475 nm.

Suprisingly, the DCE gel

showed more enhanced emission at 479 nm compared to the chloroform solution (by
14 times). Even more suprisingly, the gel showed a new emission at 573 nm (a redshift by 98 nm) with a significant enhancement in intensity (72 times compared to the
intensity at 475 nm and 308 times compared to the intensity at 573 nm in the
chloroform solution). This spectral change caused a color change from blue to yellow
under UV illumination (λ = 365 nm), as shown in the inset picture of Figure 2.11.
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Figure 2.10 Normalized UV-visible absorption spectra of BP3 in chloroform solution
(dashed line) and as a TCE gel (solid line).

These

interesting

results

demonstrate

aggregation

enhancement (AIEE) associated with the organogelation of P3.

induced

emission

Typically, AIEE

originates from restriction of molecular motion, intramolecular planarization, and
intramolecular proton transfer.48-52 It should be noted that the structure of P3 differs
from those molecules traditionally displaying AIEE. The fact that P3 does not have
those conventional AIEE enabling components indicates that AIEE from the
organogel of P3 may originate only from J-aggregation which was supported by the
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Figure 2.11 Fluorescence spectra of P3 in chloroform solution (8 mM, dashed line)
and as a DCE gel (8 mM, solid line) excited at 430 nm. Inset: photograph of (left)
chloroform solution and (right) DCE gel under UV illumination (365 nm).

UV-visible absorption spectra. It has been shown that J-aggregates enhance emission
intensity while the opposite trend is observed from H-aggregates.53-56

Further

evidence of J-aggregate formation in the tetrachlorinated phenazine compound will be
discussed with an X-ray crystallographic study.
Orgnaogels of tetrachlorinated bisphenazines did not exhibit strong AIEE like
P3. Among the bisphenazine compounds, BP3 showed the strongest AIEE, however,
fluorescence intensity at 530 nm in the gel state was only increased 11 times from that
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in the chloroform solution. It should also be noted that, unlike P3, the fluorescence
maximum remained unchanged. This result indicates that P3 may have a shorter
intermolecular distance in forming J-aggregates, resulting in more enhanced π-orbital
overlap while the bulky t-butyl groups in the bisphenazine π-core may prevent such a
tight packing.
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Figure 2.12 Fluorescence spectra of BP3 in chloroform solution (5 mM, dashed line)
and as a TCE gel (5 mM, solid line) excited at 421 nm.

To understand the molecular packing pattern, we performed an X-ray
crystallographic study on a single crystal. Attempts to grow single crystals from P1-3
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and BP1-3 were unsuccessful due to their tendency to form flexible 1D assembled
structures. Therefore, we prepared P4 as a model compound which has a shorter alkyl
substituent, hexyloxy group. Unlike P4,, we were unable to prepare a bisphenazine
containing hexyloxy side groups since one of the intermediates, 1,2
1,2-bishexyloxy
bishexyloxy-4,5diaminobenzene, was unstable for further purification. Only with P4,, we were able to
produce single crystals

by slow evaporation

from

solution

dichloromethane/n-hexane
hexane mixture was used as the solvent.

in

which

a

Data for the crystal

structure solution is provided in Appendix (Sectio
(Section
n 11, 12, and 13). A great deal of
information regarding the intermolecular interactions and molecular packing
structures present in P4 can be surmised from single crystal X-ray
ray crystallography.

Figure 2.13 Intermolecular interactions of the crystal of P4. Colors of atoms: carbon,
gray; hydrogen, dark gray; nitrogen, blue; chlorine, green; oxygen, red.
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As shown in Figure 2.13, compound P4 align antiparallel to each other at the
same plane, allowingg for multiple interactions between imine nitrogens, Cl atoms, and
aromatic hydrogens. Figure 2.13 also shows the short intermolecular contacts with
calculated distances. Imine nitrogens in the phenazine core are hydrogen bonded with
aromatic protons in the neighboring phenazines with N···H distances of 2.818(1) Å
and 2.978(1) Å.

In addition, the short distances between imine nitrogens and

neighboring Cl atoms [3.416(1) Å and 3.544(1) Å] suggest possible halogen
bonding.57-59

te in the crystal of P4 (a) side view and (b) top view. Colors of
Figure 2.14 J-aggregate
atoms: carbon, gray; hydrogen, dark gray; nitrogen, blue; chlorine, green; oxygen, red.
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Figure 2.14 shows off
off-face
face stacking between phenazines in the crystal packing
of P4. As expected from
om the planar geometry of phenazine, the calculated d-spacing
between π-cores
cores from the side view was found to be 3.38 Å, which is shorter than a
typical π-stacking
stacking distance.60 Such a close π-π stacking distance with four bulky Cl
atoms is a quite suprisin
suprising result. The formation of J-aggregates
aggregates in conjunction with
tight molecular packing in phenazine supports the observed AIEE phenomenon in the
phenazne gel.

In both Figure 2.14 (a) and (b), alkyl side groups are placed on same

side.

Figure 2.15 Herringbone structure of the crystal of P4. Colors of atoms: carbon, gray;
hydrogen, dark gray; nitrogen, blue; chlorine, green; oxygen, red.
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Compound P4 formed a herringbone structure in the crystal as shown in Figure
2.15. Although we can not be certain that the same interactions are present in gels, it
is reasonable to assume the AIEE from the P3 gel originates from a J-aggregate
formation with a strong π-π interaction.
XRD measurements in xerogels were conducted to investigate molecular
packing of assembled structures through organogelation.

The XRD patterns of

xerogels are shown in Figure 2.16 and 2.17. As expected, different mophologies
observed from the SEM study resulted in different XRD patterns meaning different
molecular packing between P3 and BP3 in the gel state.
In the case of P3, the XRD pattern obtained from the xerogel showed wellresolved diffraction patterns including a strong peak at 2θ = 26o corresponding to an
effective π-π stacking distance.60 Unlike P3, the xerogels prepared from BP3 exhibits
a broad peak centered at 2θ = 19o corresponding to a d-spacing of ca. 5.0 Å. The
XRD pattern obtained from the xerogel of BP3 also includes the peak at 2θ = 26o,
however, the peak is much less defined than that of P3. The lack of well-defined
peaks in the XRD pattern of BP3 can be attributed to amorphous nature of the flexible
fibers. As mentioned previously, the formation of J-aggregates is more effective in
phenazine, showing strong AIEE and a new emission peak. Such strong evidence for
J-aggregation was absent in bisphenazine gels.

Although both phenazine and

bisphenazine π-cores adapt a planar geometry, the presence of the bulky t-butyl group
in bisphenazine can affect the arrangement of the molecules through organogelation
preventing effective and well organized π-π stacking with a short intermolecular
distance.
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Figure 2.16 X-ray diffraction patterns of xerogel of P3.
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Figure 2.17 X-ray diffraction patterns of xerogel of BP3.
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2.5 Conclusions
Electron-deficient tetrachlorinated phenazine and bisphenazine were designed
and succesfully synthesized with reasonable yields.

The introduction of four

electronegative Cl atoms into the unsubstituted phenazine π-core effectively lowered
LUMO energy levels from -2.98 to -3.35 eV (∆ = -0.37 eV). The LUMO energy level
of tetrachlorinated bisphenazine was found to be -3.41 eV, where tetrachlorination
lowered LUMO energy levels by 0.29 eV from the value of the bisphenazine without
Cl atoms. After all, the tetrachlorination of phenazine and bisphenazine affected the
electronic properties to make them more electron-deficient.
Phenazine containing hexadecyl groups and all bisphenazines show excellent
organogelation properties despite the presence of four bulky Cl substituents.
Interestingly, the DCE gel of P3 showed a strong, red-shifted AIEE, which was less
pronounced in the bisphenazine gels. These observed differences between phenazine
and bisphenazine could be attributed to the π-core.

This interesting AIEE

phenonmenon in the P3 gel is probably due to the formation of J-aggregates with a
short π-π stacking distance (3.38 Å) of phenazine, as proved by single crystal X-ray
crystallography of a model compound. Such a close packing of the π-cores may not
be present in bisphenazines due to bulky t-butyl groups resulting in less pronounced
AIEE. The single crystal X-ray crystallography also shows the important role of Cl
atoms in self-assembling properties, showing possible halogen bonding between
imine nitrogens and neighboring Cl atoms.
In summary, tetrachlorination of phenazine and bisphenazine has been
successfully achieved which effectively lowered without hindering 1D assembling ability
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despite the fact that Cl is less electronegative and bulkier than F atoms. The results of
this research suggest the utilization of Cl atoms as a replacement for F atoms to produce
electron-deficient organic semiconductors.
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APPENDIX
Section 1. Beer’s plot showing absorbance as a function of solution concentration of 1-8.
Absorbance at each concentration (symbol) and fitting with Lambert Beer’s Law (solid
line).
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Section 2. Cyclic voltammograms for the reduction of 4 and 6. Scan rate = 100mV/s.
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Section 3. Additional AFM images of compounds (a) 3, (b) 4, (c) 5, (d) 6, and (e) 7.
Samples were prepared by drop casting the TCE solution (conc: 30 µM for compounds 3
and 4, 40 µM for compounds 5 and 6) or ethyl acetate solution (conc: 20 µM for
compound 7) onto a silicon wafer.
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Section 4. (a) Normalized UV-visible absorption spectra of 4 in the solution state (dashed
line) and as fiber film (solid line). (b) Normalized fluorescence spectra of 4 in the
solution state (dashed line) and as fiber film (solid line).
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Section 5. (a) Normalized UV-visible absorption spectra of 6 in the solution state (dashed
line) and as fiber film (solid line). (b) Normalized fluorescence spectra of 6 in the
solution state (dashed line) and as fiber film (solid line).
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Section 6. X-ray diffraction patterns of xerogels of (a) 4 and (b) 6.
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Section 7. Beer’s plot showing absorbance as a function of solution concentration of
(a) P3 and (b) BP3. Absorbance at each concentration (symbol) and fitting with
Lambert Beer’s Law (solid line).
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Section 8. SEM images of the xerogels of (a) BP1 and (b) BP2.. Scale bars: 5 µm.

137

Section 9. (a) Normalized UV-visible absorption spectra of BP1 in chloroform solution
(dashed line) and as a TCE gel (solid line). (b) Fluorescence spectra of BP1 in
chloroform solution (3 mM, dashed line) and as a TCE gel (3 mM, solid line) excited at
421 nm.

(a)
Normalized Absorbance

1.0
0.8
0.6
0.4
0.2
0.0
350

400

450

500

550

Wavelength (nm)

Fluorescence Intensity

6
(b) 4x10

6

3x10

6

2x10

6

1x10

0
450

500

550

600

Wavelength (nm)

138

650

700

Section 10. (a) Normalized UV-visible absorption spectra of BP2 in chloroform
solution (dashed line) and as a TCE gel (solid line). (b) Fluorescence spectra of BP2
in chloroform solution (4 mM, dashed line) and as a TCE gel (4 mM, solid line)
excited at 421 nm.
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Section 11. Crystal data and structure refinement for compound P4.

Empirical formula

C24H28Cl4N2O2

Formula weight / gmol-1

518.28

Temperature / K

100(2)

Wavelength / Å

0.71073

Crystal system

Orthorhombic

Space group

P2(1)2(1)2

Unit cell dimension / Å

a = 15.8452(10)
b = 30.3764(19)
c = 4.9176(3)

Unit cell angles / o

α = 90
β = 90
γ = 90

3

Volume / Å

2366.9(3)

Z

4

Density (Calculated) / Mgcm-3
Absorption coefficient / mm

1.454

-1

0.526

F(000)

1080

Crystal size

0.5×0.04×0.04

Theta range for data collection / o

Reflections collected

1.86 to 29.57
-21<=h<=22, -41<=k<=41, 6<=l<=6
24821

Independent reflections

6631 [R(int) = 0.0355]

Completeness to theta = 29.57

99.8 %

Refinement method

Full-matrix least-squares on F2

Index ranges

Data / restraints / parameters

6631/0/290

2

Goodness-of-fit on F

1.027

Final R indices [I > 2sigma(I)]

R1 = 0.0306, wR2 = 0.0682

R indices (all data)

R1 = 0.0362, wR2 = 0.0709

Largest diff. Peak and hole / e Å-3

0.347 and -0.253
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Section 12. Atomic coordinates (× 104) and equivalent isotropic displacement
parameters (Å2 × 103) for compound P4. U(eq) is defined as one third of the trace of
the orthogonalized Uij tensor.

x

y

z

U(eq)

Cl(1)

10563(1)

2194(1)

-2425(1)

17(1)

Cl(2)

9624(1)

1539(1)

-6342(1)

17(1)

Cl(3)

7660(1)

1504(1)

-6391(1)

16(1)

Cl(4)

6622(1)

2123(1)

-2478(1)

17(1)

O(1)

9288(1)

3767(1)

8231(2)

14(1)

O(2)

7669(1)

3742(1)

8196(2)

14(1)

N(1)

9454(1)

2692(1)

1121(3)

12(1)

N(2)

7661(1)

2660(1)

1112(3)

12(1)

C(1)

9484(1)

2153(1)

-2430(4)

13(1)

C(2)

9067(1)

1872(1)

-4145(3)

13(1)

C(3)

8163(1)

1856(1)

-4162(4)

13(1)

C(4)

7706(1)

2122(1)

-2452(4)

12(1)

C(5)

8126(1)

2409(1)

-595(4)

12(1)

C(6)

9024(1)

2426(1)

-580(3)

12(1)

C(7)

9416(1)

3224(1)

4678(4)

13(1)

C(8)

8995(1)

2942(1)

2815(4)

12(1)

C(9)

8085(1)

2924(1)

2804(4)

12(1)

C(10)

7628(1)

3193(1)

4662(4)

13(1)

C(11)

8042(1)

3470(1)

6376(4)

13(1)

C(12)

8960(1)

3487(1)

6389(3)

12(1)

C(13)

10195(1)

3772(1)

8554(4)

14(1)

C(14)

10385(1)

4144(1)

10496(4)

16(1)

C(15)

11316(1)

4184(1)

11236(4)

17(1)

C(16)

11480(1)

4574(1)

13152(3)

18(1)

C(17)

11394(1)

5021(1)

11760(4)

20(1)

C(18)

11502(1)

5409(1)

13710(4)

24(1)
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Section 12. (Continued)

C(19)

6769(1)

3690(1)

8547(4)

15(1)

C(20)

6471(1)

4048(1)

10481(4)

16(1)

C(21)

6444(1)

4499(1)

9138(3)

19(1)

C(22)

6242(1)

4876(1)

11089(4)

18(1)

C(23)

6213(1)

5322(1)

9684(4)

23(1)

C(24)

6070(1)

5702(1)

11657(4)

24(1)
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Section 13. An ORTEP plot showing electron density (drawn at 50%) for compound
P4. Colors of atoms: carbon, gray; hydrogen, dark gray; nitrogen, blue; chlorine,
green; oxygen, red.
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